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World Ocean Review is a unique publication about the state 
of the world’s oceans, drawing together various strands of cur-
rent scientific knowledge. The following report, the third in the 
series, focuses  on marine resources and the opportunities and risks 
associated with their potential exploitation. It is the result of 
collaboration between the following partners:
The Kiel-based Cluster of Excellence brings together marine 
scientists, earth scientists, economists, medical scientists, mathe-
maticians, lawyers and social scientists to share their knowledge 
and engage in joint interdisciplinary research on climate and 
ocean change. The research group comprises more than 
200 scientists from 7 faculties of the Christian-Albrechts-Univer-
sity of Kiel (CAU), the GEOMAR Helmholtz Centre for Ocean 
Research in Kiel, the Institute for World Economy (IfW) and the 
Muthesius University of Fine Arts.
The International Ocean Institute is a non-profit organization 
founded by Professor Elisabeth Mann Borgese in 1972. It consists 
of a network of operational centres located all over the world. Its 
headquarters are in Malta. The IOI advocates the peaceful and 
sustainable use of the oceans.
The bimonthly German-language magazine mare, which focuses 
on the topic of the sea, was founded by Nikolaus Gelpke 
in Hamburg in 1997. mare’s mission is to raise the public’s 
awareness of the importance of the sea as a living, economic 
and cultural space. Besides the magazine, which has received 
numerous awards for its high-quality reporting and photographs, 
its publisher mareverlag also produces a number of fiction and 
non-fiction titles twice a year. mare
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Following on from World Ocean Review 2, which explored the future of f ish and f isheries, I 
am delighted to present the third volume in the series. In this World Ocean Review (WOR 3), 
we focus on marine resources and the opportunit ies and r isks associated with their potent ial 
exploitat ion. 
Two salient facts merit part icular attent ion. First ly, very l it t le is known at present about 
the resources found in the world’s oceans, and their explorat ion and especial ly their produc-
t ion pose immense technical challenges. And secondly, there is insuff icient public awareness 
and debate about these resources and their ut i l izat ion. Oil, gas, minerals and methane 
hydrates l ie in the l ight less depths of the oceans, and their extract ion is hidden from sight. 
Even the products manufactured from them are not always obvious or tangible in our daily 
l ives. This contrasts sharply with the large body of informat ion available about the world’s 
f ish stocks and the f ishing industry, and the public’s just i f ied interest in this topic. Obtaining 
food from the sea is fundamental to our l ives and has formed part of our consciousness for 
thousands of years. In that sense, raising people’s awareness of the problems associated with 
f ishing is a relat ively simple task. Indeed, polit icians are now responding to growing public 
pressure – part ly created by publicat ions such as WOR 2 – and are turning their attent ion to 
more sustainable f ishing in the hope that the ext inct ion of numerous species of f ish can st i l l 
be averted.
But there is st i l l a long way to go before we achieve a similar level of knowledge and pub-
l ic awareness of marine resources. In my view, it is crucial to launch a debate about the use 
of these non-l iving marine resources – for without our natural collect ive interest in these 
diverse problems, we cannot exert the pressure that is needed to ensure that marine resourc-
es are extracted and ut i l ized in a sustainable manner. 
In this volume, you will f ind informat ion about the format ion, explorat ion and product ion 
of marine resources: not only oi l and gas but also ores, in the form of manganese nodules, 
cobalt crusts and massive sulphides. A separate chapter is devoted to methane hydrates. The 
extract ion of al l these resources poses major technical challenges and is a highly content ious 
issue due to the environmental r isks involved. It could also become the basis for a powerful 
economic sector with the prospect of extremely high returns and signif icant polit ical ramif i-
cat ions.
Yet i f such large-scale business is hidden from view, this not only poses a threat to the 
environment: it a lso jeopardizes fundamental human rights and social just ice. The mult i- 
nat ionals in part icular, such as Shell, ExxonMobil and Total, which have been producing oi l 
in West Africa for years, saw no need to protect the natural environment or to ensure equit-
able sharing of benefits f rom oil revenue in the past . 
There are very signif icant opportunit ies but also r isks for the future in and on the seabed. 
I hope that WOR 3 will give you al l the facts you need. 
Nikolaus Gelpke
maribus gGmbH Managing Director, mareverlag publisher and IOI President 
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Humankind has l ived with the sea and ut i l ized its services since t ime immemorial. We are 
drawn to the sea, for the coasts offer many benefits to local communit ies. But with the world’s 
populat ion rapidly increasing, many of us are start ing to worry about the future of the oceans 
and the coasts. How can a balance be achieved between conservat ion and use? Is development 
towards sustainable use of marine resources possible?  
These quest ions are part icularly relevant in the case of mineral and energy resources 
from the sea. Resources that regenerate quickly, such as f ish, shellf ish and algae, can in prin-
ciple be exploited sustainably, provided that their habitats are secure and harvest ing is regu-
lated so that enough of the resource remains in the sea to al low reproduct ion. The challenges 
relat ing to f ishing, for example, were discussed in World Ocean Review 2. Mineral and ener-
gy resources, however, form over many mill ions of years, and there is only a f inite amount of 
these resources available for future generat ions. What’s more, they often l ie hundreds of 
metres under the seabed and can only be extracted with complex technology. How can these 
resources be exploited equitably and, as far as possible, sustainably? And can the environ-
mental pollut ion associated with their extract ion be minimized? 
World Ocean Review 3 is dedicated to these marine resources. It focuses on their ut i l iza-
t ion as sources of energy and metals, and gives the facts about the known oil and gas deposits 
beneath the seabed and the f ixed gas hydrate deposits on the cont inental shelves. It informs 
readers about the potent ial af forded by the three main types of mineral deposit: manganese 
nodules, cobalt crusts and massive sulphides.
Methane hydrates are the subject of much discussion at present. Very extensive deposits 
of what is ef fect ively natural gas t rapped in ice are believed to exist – perhaps larger than all 
the world’s known oil and gas reserves combined. There are init ial plans to extract gas 
hydrates on the cont inental shelves. This wil l create r isks, but also opportunit ies. Methane 
hydrates are a cleaner fuel than coal. Could methane hydrate extract ion be a bridging tech-
nology in the t ransit ion to a sustainable energy supply for our societ ies? 
Marine resources have great potent ial, and it may be possible to start exploit ing them 
prof itably very soon. However, their extract ion is f raught with r isks and could potent ial ly 
cause severe degradat ion of the marine environment. Is that what we want? If not , what mit-
igat ion opt ions exist? What kind of f ramework must be negot iated at the nat ional and global 
polit ical level? 
The future of the oceans is int imately l inked with the future of marine and coastal 
resource extract ion and therefore with most people’s, i f not everyone’s, future. In that sense, 
I wish you an interest ing and informat ive read. 
Prof. Dr. Martin Visbeck
Spokesperson of the Cluster of Excellence “The Future Ocean”
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  > Of fshore gas and oil  produc t ion began more than a centur y ago. With many shallow-
water f ie lds a lready exhausted, these natura l  resources a re now being ex t rac ted at ever greater depths . 
Produc t ion rates a re higher than ever,  while oi l  pollut ion is  decreasing. However,  this is  la rgely due to 
the s t r ingent regulat ions applicable to shipping : the explosion at the Deepwater Hor izon  oi l  r ig c lear-
ly demonst rated that safet y is  a long-neglec ted issue in the oi l  indust r y. 
 > Chapter 0110
Over 100 years of offshore resource extract ion 
There is a long t radit ion of offshore natural gas and oil 
product ion. The United States’ f irst coastal oi l r igs were 
constructed in the late 19th century. One of the pioneers 
of offshore oi l product ion was industr ial ist Henry L . 
Will iams, who began extract ing oi l f rom the Summer-
land f ield off the Cali fornian coast near Santa Barbara in 
the 1890s. His f irst oi l r igs were built on dry land, but in 
1896, he f inally ventured offshore, construct ing a 
100-metre pier f rom which he began dri l l ing on the sea 
f loor. Before long, others fol lowed suit , and within f ive 
years, there were a further 14 piers and more than 400 
wells in the area.
For these oi l industry pioneers, building oi l r igs far 
out at sea was simply inconceivable. Their r igs stood in 
a few metres of water, with piers connect ing them to 
the mainland. It is a dif ferent story today. Offshore oi l 
and gas product ion has become rout ine. There are cur-
rent ly around 900 large-scale oi l and gas plat forms 
around the world. Over t ime, engineers have penetrated 
ever greater depths, for with oi l prices r ising, deepwater 
oi l and gas product ion, although cost ly, is now a lucra-
t ive business. 
With dri l l ing and extract ion technology also be-
coming increasingly sophist icated, it is now possible to 
extract oi l and gas at ever greater depths. The water 
depth record for oi l product ion is current ly held by an 
internat ional oi l company which produces oi l f rom a 
well, located in the Tobago f ield, 2934 metres below the 
surface of the Gulf of Mexico. 
The water depth record for subsea gas product ion is 
current ly around 2700 m and is held by a plat form 
located in the Cheyenne gas f ield, also in the Gulf of 
Mexico.
Rising energy demand –  
for  cars,  heating and electr ic i ty 
Humankind’s energy hunger seems insat iable. In 2011, 
annual world primary energy consumption was est imat- 
ed at 12,274 mill ion tonnes of oi l equivalent (MTOE) – 
40 t imes Germany’s annual energy consumption. “Ton-
ne of oi l equivalent” (TOE) is a metric used to measure 
and compare consumption of dif ferent energy resour-
ces. One tonne of oi l equivalent (TOE) corresponds to 
the energy content of one tonne of crude oi l. 
Energy consumption in Europe has decreased in 
recent years due to the use of modern machinery and 
eff icient electr ic engines, energy-saving measures and 
better insulat ion of buildings. Globally, however, ener-
gy consumption is increasing. Total consumption of 
energy has doubled since the early 1970s and, accord-
ing to the Internat ional Energy Agency (IEA), is l ikely to 
grow by more than one-third to 2035. 
The world’s growing energy hunger is driven to a 
large extent by populat ion growth in Asia and ongoing 
industr ial isat ion in the emerging economies. China, 
Sat ing our  energ y hunger
   > Around a third of the oi l  and gas extracted worldwide comes from offshore 
sources.  This f igure is  l ikely to continue to r ise over the coming decades,  for  abundant oi l  and gas 
deposits st i l l  exist  deep in the oceans.  But with many oi l  and gas f ields in shal low waters now more 
or less exhausted, companies have to penetrate greater depths to access these energy carr iers. 
1.1 > By the late 19th 
century, oil indus-
try pioneers were 
venturing offshore. At 
first, piers connected 
the oil rigs to the 
mainland. 
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India and West Asian nat ions account for around 60 per 
cent of the world’s growth in energy demand.
Today, energy product ion st i l l largely relies on the 
burning of fossi l fuels: natural gas, oi l and coal. The ear-
ly oi l industry pioneers probably never imagined, even 
in their wildest dreams, just how much of their commo-
dity humankind would ult imately burn or ut i l ise for 
industr ial purposes. Our modern world is almost ent ire-
ly dependent on fossi l inputs. We need them for heat ing 
and electr icity generat ion, and of course to fuel our cars, 
rai lways, aircraft and shipping. Today, there are more 
than one bil l ion vehicles – cars, buses and t rucks – on 
the world’s roads, burning vast quant it ies of petrol and 
diesel.
Oiling the wheels of the modern world
Oil is current ly the most important fossi l energy source, 
fol lowed by coal and natural gas. Oil accounted for 
around 33 per cent of world primary energy consump-
t ion in 2011, fol lowed by coal and natural gas with 
around 30 and 24 per cent respect ively. The remainder 
comes from nuclear energy, hydropower and other 
renewables such as solar and wind energy. In 2011, 
global oi l product ion reached around four bi l l ion tonnes, 
of which a full 61.5 per cent was consumed in the t rans-
portat ion sector. But oi l is not only a fuel; it is also an 
Primary energy
The term “primary 
energy” refers to the 
energy forms required 
by a power station, 
boiler or engine to 
generate electricity or 
heat or to create mo-
tion. The term “final 
energy” is also used: 
this refers to the ener-
gy consumed by end 
users, such as 
households, for elec-
tricity and heating.
important input in the pharmaceut ical and chemical 
industr ies, e.g. in plast ics product ion. Car paints and 
sprays, food storage containers and television sets are 
just a few examples of consumer items containing sub-
stances derived from oil.
Current ly, the United States of America (US) is the 
world’s largest oi l consumer, fol lowed by China, whose 
economy has been growing strongly for many years. 
Highly industr ial ised Japan ranks third, with India, an 
emerging economy, in fourth place. Russia ranks f i f th, 
but its oi l consumption remains less than one-sixth the 
level of the US. In 2011, global oi l consumption rose by 
2.7 per cent compared with the previous year. The 
strongest r ise in consumption – 6.1 per cent – was 
observed in the Australasia region. This contrasts with 
the t rend observed in Europe, where consumption fel l 
by 1.2 per cent. 
Power and heat from gas
In 2011, global product ion of natural gas total led 3337 
bil l ion cubic metres – 35 t imes higher than Germany’s 
annual consumption of natural gas. Average annual gas 
consumption for a German household is around 3500 
cubic metres. Natural gas is used primari ly for heat ing 
and electr icity product ion, but it is also a raw material 
in the chemical industry, e.g. in hydrogen product ion, 
ammonia synthesis and the manufacture of nit rogen-
based fert i l isers. In Germany, Denmark, other European 
countries and China, natural gas is increasingly replac-
ing coal in power generat ion as it burns cleaner than 
coal. Here, gas is used in modern combined-cycle (gas 
and steam) power plants which not only generate elec-
1.2 > Oil and coal are the world’s most important fossil fuels. 
The figure shows global primary energy consumption in 2011, 
together with the percentage share for each energy source. 
For oil, primary energy consumption is shown in millions of 
tonnes. For the other energy sources, it is shown in MTOE.
1.3 > The transporta-
tion sector consumes 
more oil than any 
other sector. Oil is 
also an important in-
dustrial input, e.g. in 
the chemical sector.
Renewable 
energies 194.8
1.6 %
Nuclear energy
599.3
4.9 %
Water power
791.5
6.5 %
Coal
3724.3
30 %
Oil
4059.1
33.2 %
Gas
2905.6
23.8 %
Transportation
61.5 %
Heating and electricity generation,
agriculture, etc. 12.4 %
Chemicals and 
pharmaceuticals, etc.
17.1 %
Industry
(e.g.
as fuel)
9 %
 > Chapter 0112
t r icity but also recover waste heat , making them 
ex t remely energy-eff icient. Many tradit ional coal-f ired 
power plants, on the other hand, merely generate elec-
t r icity with no waste heat recovery. 
In Europe, demand for gas 
decreased by 8 per cent 
between 2010 and 2011, 
due to the weak econo-
my, relat ively high pri-
ces and warm weather. 
The cont inuous expan-
sion of renewable energies 
was also a factor. However, global 
natural gas consumption increased by 2 per cent over 
the same period due to st rong demand in Asia and the 
emerging economies. In China, for example, natural gas 
consumption increased by 20 per cent, while Japan’s 
gas imports soared by 19 per cent af ter the 2011 Fuku-
shima Daiichi nuclear disaster. As an island nat ion, 
Japan relies heavily on l iquef ied natural gas (LNG) 
imports which are brought in by sea. As this is more 
expensive than t ransport ing gas by pipeline, gas prices 
in Japan are relat ively high. 
The US was the world’s largest consumer of natural 
gas in 2011, fol lowed by the Russian Federat ion and 
Iran. Iran’s high consumption is due f irst ly to the strong 
demand for gas to heat buildings during the country’s 
cold winters and secondly to the use of gas inject ion to 
improve oi l recovery in situat ions of declining pressure 
in oi l wells. China is the world’s fourth-largest consu-
mer of natural gas, with Japan in f i f th place. 
How long wil l  stocks last?
How long will stocks of fossi l fuels last? There has been 
much debate about this quest ion in recent decades. 
Gas consumption, 2011
Ranking – 
country/region
Billion cubic 
metres
Percentage 
 1  United States 690.1  20.8
 2  Russian Federation 474.3  14.3
 3  Iran 153.3  4.6
 4  China 130.7  3.9
 5  Japan 112.5  3.4
 6  Canada 104.8  3.2
 7  Saudi Arabia 92.2  2.8
 8  Germany 84.4  2.5
 9  United Kingdom 80.2  2.4
10  Italy 77.9  2.3
  Rest of the world 1316.9  39.7
      Total     3317.3         100 
1.6 > The US is also 
the world’s largest 
consumer of natural 
gas. As with oil, 
the 10 largest users 
account for a good 
60 per cent of global 
consumption. 
1.5 > The world’s  
10 largest oil 
consumers: the United 
States is by far the 
largest user of oil.
Petroleum consumption, 2011
Ranking – 
country/region
Billion tonnes Percentage 
 1  United States 814.6  20.1
 2  China 457.9  11.3
 3  Japan 221.7  5.5
 4  India 162.3  4.0
 5  Russian Federation 136.0  3.4
 6  Saudi Arabia 121.1  3.0
 7  Brazil 120.7  3.0
 8  Germany 111.9  2.8
 9  Republic of Korea 110.8  2.7
10  Mexico 105.9  2.6
  Rest of the world 1682 00  41.6
      Total     4044.9        100
1.4 > Natural gas is 
mainly used for  
electricity generation 
and heating.
Transportation 6.8 %
Heating and electricity generation,
agriculture, etc.
46.4 %
Chemicals and 
pharmaceuticals, etc.
11.6 %
Industry
(e.g. as fuel)
35.2 %
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Reser ves or resources?
In the debate about f inite fossi l fuels, the terms “reserves” and 
“resources”, but a lso “range” and “stat ic range” are of ten used 
interchangeably, a lthough to some extent, they mean dif ferent 
things. 
Reserves : To be c lassed as a reserve, an oi l or gas deposit must 
fulf i l three condit ions : it must have been conf irmed by dr i l l ing; it 
must have been accurately measured; and it must be recoverable 
economical ly at current pr ices using current technology.
Resources : Resources are the geologica l ly proven stocks of an 
energy carr ier which are not yet regarded as recoverable econo-
mical ly because recovery requires new and expensive technology. 
The term “resources” a lso appl ies to s tocks which are not yet 
proven but can be assumed to exis t in a region based on it s geo-
logica l charac ter is t ics. The dis t inc t ion between reserves and 
resources is somet imes f luid. The oi l sand industry in Canada is 
the latest example of a transit ion from resources to reserves. 
Only a few years ago, these deposit s were not recoverable eco-
nomical ly. Today, thanks to it s oi l sands, Canada appears near 
the top of the l is t of countr ies with the largest oi l reserves. These 
deposit s can now be exploited, but as this requires new and com-
plex technology, they are s t i l l c la ssed as “unconvent ional”. 
Range : The term “range” is of ten used to show how many more 
years a raw mater ia l wi l l cont inue to be avai lable. However, this 
s tat is t ic is extremely unrel iable as no one can predic t future 
demand with cer ta inty. What ’s more, in the debate about f inite 
resources, the term “range” is rarely def ined: does it mean the 
point in t ime when a l l deposit s wil l be exhausted, or the point in 
t ime when demand can no longer be ful ly sat is f ied, such as when 
fuel shor tages prevai l? Exper t s therefore general ly prefer to use 
the more precisely def ined term “stat ic range”. 
Static range : “Stat ic range” depic t s the relat ionship between 
reserves/resources and present annual global product ion. The 
result ing f igure shows how many more years the raw mater ia l wi l l 
cont inue to be avai lable, assuming that consumption remains 
constant and reserves/resources are f ixed. In other words, this is 
a hypothet ica l/stat ic scenar io. In real ity, however, product ion 
and especia l ly consumption cont inual ly f luc tuate. Future pol it ica l 
and economic developments which may inf luence global oi l con-
sumption, product ion and markets cannot be predic ted with cer-
ta inty. What is more, as events in recent years have shown, major 
new deposit s are constant ly being discovered; this in turn af fec t s 
the s tat ic range. The stat ic range is therefore merely a snapshot 
of the extrac t ive industry sec tor at a given point in t ime.
1.7 > With its oil sands, Canada has substantial oil reserves. However, extraction has destroyed large areas of forest. 
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Despite fears that oi l in part icular could become scarce, 
this situat ion has not yet ar isen. At present, suff icient 
oi l is st i l l available worldwide to cover growing demand: 
thanks to more sophist icated technologies, many new 
on- and offshore oi l f ields are being discovered and off-
shore f ields can be exploited at ever greater depth. New 
extract ion techniques also al low more oi l to be pumped 
out of the deposits than before. In some cases, disused 
wells are being reopened in order to extract the remain-
ing oi l which could not be recovered in the past .
In order to determine the future supply situat ion, 
scient ists and the oi l industry are attempt ing to predict 
energy demand trends over the coming decades with 
the aid of energy scenarios, such as those regularly 
published by the IEA. The f indings are then compared 
with current est imates of reserves and resources. 
Sti l l  enough oi l
The remaining proven crude oi l reserves and resources 
in 2011 total led around 585 bil l ion tonnes. Unconven-
t ional oi l accounted for 258 bil l ion tonnes of this total. 
However, the global dist r ibut ion of oi l f ields is extreme-
ly uneven. Almost 50 per cent of oi l reserves and resour-
ces are accounted for by the OPEC states such as Iraq, 
Iran, Kuwait , Saudi Arabia and Venezuela, whereas only 
around 20 per cent are accounted for by the Australasia, 
Afr ica and Europe regions. 
Given the scale of the current oi l reserves and 
resources, it is clear that f rom a geological perspect ive, 
suff icient oi l wil l be available worldwide over the 
coming years to accommodate a moderate r ise in con-
sumption. But will it a lways be possible to provide suf-
f icient quant it ies of this energy carr ier when it is need-
ed in future? That cannot be predicted with certainty. 
To date, however, it has been possible to calibrate oi l 
product ion so that there is always enough to meet 
demand. 
Nonetheless, some crit ics have predicted a scenario 
known as “peak oi l”. This refers to the point in t ime 
when the world’s annual oi l product ion reaches an al l-
t ime high – a historic peak – and then starts to decline. 
Conventional or 
unconventional?
Experts differentiate 
between conventional 
and unconventional 
reserves and resour-
ces. Conventional 
deposits can be devel-
oped and exploited 
using existing technol- 
ogy, whereas uncon-
ventional reserves and 
resources are recover -
able only with new, 
sophisticated and  
therefore expensive 
technologies. The  
shale gas deposits in 
the US are an example 
of an unconventional 
resource.
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1.8 > If reserves and resources are compared with the IAE‘s fi-
gures for projected cumulative consumption to 2035, it is clear 
that coal in particular will be available in sufficient quantities 
far into the future. Oil reserves, on the other hand, will be 
largely depleted by the mid 21st century. Although the demand 
for oil can still be met, this will require recourse to unconven-
tional sources in the foreseeable future, involving the use of 
new and sophisticated technology, which is likely to drive up 
the price of oil. With gas, the situation is rather more relaxed: 
consumption is lower and conventional resources are available 
in larger quantities. However, experts are predicting possible 
strong increases in natural gas consumption in future. 
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1.9 > LNG carriers are tanker ships speci-
fically designed for transporting liquefied 
natural gas (LNG). Their characteristic 
spherical tanks make them instantly iden-
tifiable, even at a distance.
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But with new oil f ields constant ly being discovered and 
extract ion technologies becoming ever more sophist ica-
ted, output has in fact steadily increased worldwide. 
Some experts are now predict ing a “peak plateau” 
over the coming years: this means that oi l product ion 
will be sustained at a high level over a longer period of 
t ime. However, oi l prices will cont inue to r ise, as oi l 
product ion will increasingly rely on unconvent ional 
deposits whose exploitat ion requires signif icant techni-
cal ef fort . They include oi l sands, which are being 
exploited on a large scale in Canada, and shale oi l, 
which is t rapped in almost impermeable layers of rock 
and whose extract ion therefore also requires major 
technical ef fort . 
Offshore oi l product ion at ever greater depths will 
a lso drive up oi l prices. Experts predict that by 2015, as 
much as 12 per cent of oi l wil l be extracted in deep-
water projects at a depth greater than 200 metres, com-
pared with only 2 per cent in 2001. 
So it is hard to predict , at this stage, exact ly when 
global oi l product ion will start to decline or when oil 
wil l indeed become a scarce resource. If a l l the various 
oi l resources are consistent ly exploited, this point is 
unlikely to be reached before 2035. Nonetheless, some 
countries have already experienced peak oi l in their 
own industr ies. One example is the United Kingdom: oi l 
product ion in the UK peaked in 1999. 
Fracking – opportunit ies and r isks 
In 2011, the world’s natural gas reserves and resources 
total led around 772 tr i l l ion cubic metres. This f igure is 
around 230 t imes higher than the amount of gas con-
sumed globally in 2011. Resources account for the major 
share, amount ing to 577 tr i l l ion cubic metres, with 
unconvent ional natural gas resources comprising 
around 60 per cent of the total natural gas resource 
base. One example is coalbed methane, also known as 
coal seam gas (CSG), a form of natural gas extracted 
from coal beds. CSG extract ion using unconvent ional 
technologies is already under way in a number of coun-
tr ies, notably Australia. The US’s extensive shale gas 
deposits – another major unconvent ional resource – are 
att ract ing part icular interest at present. Shale gas is a 
form of natural gas that is t rapped in layers of almost 
impermeable rock. Although the rock is porous, 
enabling it to store natural gas, the pores are isolated 
from each other and, unlike convent ional deposits, are 
not connected to each other by “necks”, or connect ing 
channels. The extract ion of shale gas began in the US 
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1.10 > The global 
distribution of oil 
reserves and resources 
is uneven. The most 
important region is 
the Middle East with 
the Arabian Peninsula. 
In 2011, global oil 
consumption reached 
around four billion 
tonnes, compared with 
around 585 billion 
tonnes of oil reserves 
and resources. Cumu-
lative production is the 
sum of all oil that has 
already been produced 
by a specific date in a 
given region. 
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some years ago, using a technique which relies on the 
creat ion of art i f icial f issures in rock format ions contai-
ning gas. A mixture of water and chemical agents is 
pumped into the target format ion at high pressure. This 
comparat ively new method of extract ing natural gas 
from shale is known as hydraulic f racturing, or “fra-
cking”. 
Fracking has unleashed something of a shale gas 
revolut ion in the USA – such that the US is l ikely to 
become completely independent of natural gas imports 
over the next few years. According to current est imates, 
the US has almost 14 t r i l l ion cubic metres of shale gas 
resources. Globally, the recoverable shale gas potent ial 
amounts to around 157 tr i l l ion cubic metres. However, 
our knowledge of the extent to which shale gas deposits 
exist worldwide is st i l l patchy, putt ing a quest ion mark 
over these est imated f igures. What’s more, f racking is a 
highly controversial technology, with crit ics fearing 
that the chemical agents used in fracking could leach 
out and contaminate groundwater. 
The future of offshore oi l  and gas production
Today, most oi l and gas extract ion st i l l takes place on-
shore. Nonetheless, a considerable amount of gas and oil 
is already produced offshore. Offshore oi l extract ion 
current ly accounts for 37 per cent of global product ion. 
At present, 28 per cent of global gas product ion takes 
place offshore – and this is increasing. Coal mining does 
not current ly take place offshore.
For many years, of fshore natural gas and oil produc-
t ion was restr icted to shallow waters such as the North 
Sea or coastal areas around the US. However, as many 
older deposits have become exhausted, companies have 
increasingly moved into deeper waters. Three separate 
depth categories are def ined:
•	 shallow water product ion at water depths of less 
than 400 metres;
•	 deepwater product ion at depths up to around 1500 
metres, and
•	 ultra-deepwater product ion at depths greater than 
1500 metres. 
With the latest high-resolut ion geophysical explorat ion 
technology, scient ists are now able to detect oi l and gas 
deposits in the seabed and other geological st rata to a 
depth of 12 kilometres. As a consequence, many major 
new deposits have been discovered or newly surveyed 
in recent years. 
1.11 > Natural gas  
is also found in 
varying quantities 
in different regions 
of the world. As 
estimates of the gas 
hydrate deposits  
located on or near  
the sea floor are  
unreliable, these 
deposits are not  
considered here.  
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According to recent studies, 481 larger f ields were 
found in deep and ult ra-deep waters between 2007 and 
2012. They account for more than 50 per cent of the 
newly discovered larger offshore f ields, i.e. f ields with 
an est imated minimum 170 bil l ion barrels of recover-
able reserves, corresponding to around 23,800 mill ion 
tonnes of oi l equivalent (MTOE). The deepwater and 
ult ra-deepwater sectors are thus becoming ever more 
important. It is also interest ing that the newly discover-
ed offshore f ields are generally around 10 t imes larger 
than newly discovered onshore f ields, which makes 
deepwater and ult ra-deepwater product ion an att ract ive 
prospect despite the higher costs. Globally, oi l and gas 
extract ion at water depths greater than 400 metres is 
current ly l imited in scale, amount ing to just 7 per cent 
of product ion. This is part ly because only 38 per cent of 
the proven deepwater and ult ra-deepwater f ields are 
current ly in product ion. Most of these f ields are st i l l 
undergoing detai led surveying, while init ial test dri l-
l ing has already taken place in some cases. 
Many experts agree that deepwater and ult ra-deep-
water f ields are the last bast ion of oi l product ion. Many 
of the once high-yielding f ields onshore and in shallow 
waters are almost exhausted, so there is virtually no 
alternat ive to deepwater and ult ra-deepwater produc-
t ion now and over the coming years. But is oi l produc-
t ion in these water depths viable? That ult imately 
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1.13 > The deeper the water, the higher the costs: in 2012, 
one day of drilling in ultra-deep water, i.e. at depths greater 
than 1500 metres, cost around four times more than drilling 
in shallow water.
1.12 > A glance at the volumes of offshore oil and gas fields 
newly discovered between 2007 and 2012 clearly shows that 
the bulk of the resource is located at depths of more than 
400 metres.  
depends on oi l prices. Generally speaking, the deeper 
the water, the higher the extract ion costs. 
The offshore oi l industry extracts oi l mainly from 
convent ional sources. If oi l prices cont inue to r ise signi-
f icant ly over the coming decades, however, exploit ing 
unconvent ional deposits, such as shale oi l, of fshore may 
well become an increasingly att ract ive proposit ion. But 
this is st i l l a long way off. 
Promising marit ime regions
A number of signif icant deposits have been discovered 
offshore since 2007. The Santos Basin off the coast of 
Brazil, for example, holds several major oi l and gas f ields 
with as much as one bil l ion tonnes of oi l and a bi l l ion 
cubic metres of natural gas, located under a massive 
pre-salt layer several thousands of metres under the sea 
f loor. Deposits on this scale could potent ial ly cover total 
world demand for gas and oil for many months. Despite 
geophysical surveys of the sea f loor, these deposits 
remained undetected for a very long t ime because the 
salt layers caused perturbat ion in the signals from the 
measuring devices. Using more advanced technology, 
the deposits were f inally detected a few years ago. 
On the other side of the At lant ic, in the Kwanza 
Basin off the Angolan coast , oi l f ields have been disco-
vered beneath a 2000-metre thick pre-salt layer. In the 
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Black Sea and the Caspian Sea, new oil and gas f ields at 
depths greater than 400 metres have also been discove-
red in recent years. Extract ion has already begun in 
some cases, with countries such as Iran, Romania and 
Russia now engaged in deepwater product ion. 
Important new oil f ields were also discovered in the 
Gulf of Mexico and off the coast of Ghana and French 
Guiana. Spurred on by these f indings, there are now 
plans to search for further deposits in similar geological 
format ions off the coast of two neighbouring countries, 
Suriname and Brazil. Today, the deep and ult ra-deep 
waters in the Gulf of Mexico and in the At lant ic off 
South America and West Africa are regarded as the most 
promising regions for oi l explorat ion. 
Between 2007 and 2012, major gas f ields were dis-
covered off the coast of Mozambique and Tanzania and 
in the Mediterranean close to Israel and Cyprus. Both 
f ields are so abundant that they will revolut ionise the 
supply of gas in these regions: Israel, for example, has 
the potent ial to become completely independent of gas 
imports from its Arab neighbours for the foreseeable 
future. 
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The Arct ic  region – a special  case
As the Arct ic sea ice melts as a result of cl imate change, 
hopes are growing among Arct ic nat ions of tapping the 
oi l and natural gas deposits in the northern polar re-
gions. Current scient if ic studies suggest that there are 
indeed substant ial deposits in this region. It is est i- 
mated that about 30 per cent of undiscovered gas and 
13 per cent of undiscovered oi l can be found in the ma-
rine areas north of the Arct ic Circle. The substant ial gas 
deposits are thought to be located mainly in Russian 
waters. 
As yet , no one can say whether or when extract ion 
will begin in the Arct ic, especial ly as various legal 
quest ions have st i l l to be clari f ied. Over recent years, a 
conf l ict has erupted among Arct ic nat ions over terr ito-
r ial claims to the Arct ic seabed. The Arct ic nat ions 
expect to derive substant ial revenues from these natu-
ral resources, but wil l have to be pat ient. Complicat ing 
matters, extract ion in these regions is not economically 
viable at present: explorat ion alone will require expen-
sive and complex ice-breaking operat ions. 
1.14 > In recent years, 
the most significant 
discoveries of gas 
and oil fields in water 
depths greater than 
400 metres were made 
in the South Atlantic 
and off the coast of 
West Africa.
 > Chapter 0120
Biomass – mil l ions of years old
Natural gas and oil form over hundreds of mil l ions of 
years from dead organic material that has accumulated 
on the bottoms of seas, lakes and swamps. Oil is formed 
primari ly from dead microalgae, or phytoplankton , 
while coal and natural gas derive mainly from land 
plants. Especial ly large amounts of biomass accumulate 
in warm regions with lush vegetat ion or proli f ic algal 
growth. 
Dead biomass normally decomposes in water where 
it is broken down by bacteria into carbon dioxide and 
water. This process consumes oxygen. With the input of 
large amounts of biomass, oxygen can be completely 
depleted by the bacteria. This creates oxygen-free zones 
where decay no longer occurs. 
Thus, over t ime, packages of biomass several hun-
dred or thousand metres thick can accumulate on the 
sea f loor. Whether natural gas or mineral oi l is formed 
from the biomass depends primari ly on the tempera-
tures at these depths.
Plankton cooked down to oi l
Oil deposits formed through a series of consecut ive pro-
cesses. First , the phytoplankton accumulated on the sea 
f loor. Together with f ine rock and clay part icles washed 
into the sea from the mountains and f lat lands, the algal 
biomass was t ransformed into an organic-r ich sludge. 
Over periods last ing many mill ions of years, so 
much of the organic sludge was deposited on the sea 
f loor that , due to its enormous weight, it gradually 
changed to claystone and was f inally compressed and 
hardened into a clay-r ich shale. Even today it can be said 
that , to some extent, in these porous shale layers at 
depths of 2000 to 4000 metres and at temperatures 
between 65 and 120 degrees Celsius the t ransformat ion 
of biomass into oi l is taking place. This temperature 
range is cal led the “oil window”. Just l ike in a chemistry 
laboratory, the biomass here cooks down into a broad 
range of chemical compounds that are composed exclu-
sively of carbon and hydrogen, and are thus referred to 
as hydrocarbons. 
Crude oi l is therefore a mixture of hundreds of dif-
ferent compounds that are init ial ly separated in ref iner-
ies or split into smaller molecular chains. The splitt ing 
process is referred to as “cracking”. 
Not only are fuels such as petrol and diesel pro-
duced from the crude oi l. Other products of the ref iner-
ies include ethylene gas and propylene gas. The t iny 
hydrocarbon molecules of ethylene and propylene, 
which contain only a few atoms, are used in plast ics 
product ion and many other applicat ions.
The shale and other rocks in which oi l forms are 
called oi l source rocks. They contain up to 20 per cent 
organic material. Over mill ions of years the source 
rocks have gradually been compressed by the sediment 
and rock layers being deposited on top of them, result-
ing in the format ion of oi l. As increasing amounts of oi l 
formed, more of it escaped from the source rock and rose 
slowly through the overlying rock and sediments. In 
some areas it even reached the surface. Near the north-
ern German city of Celle, for example, tar pits formed 
naturally, containing a black l iquid which, historical ly, 
has been used as lamp oil, a lubricant, and even as a 
natural remedy.
Oil reservoirs were formed whenever the upward 
t ravel of the oi l was blocked by impermeable materials 
such as salt or clay layers. If these impermeable layers 
were underlain by a porous reservoir rock such as sand 
or l imestone, it acted as a sponge, causing the oi l to 
accumulate. Specialists cal l these format ions under-
Produc ing natura l  gas  and m inera l  o i l
   > Throughout the Earth’s history,  natural  gas and mineral  oi l  have formed 
from the remains of marine algae and land plants,  with large deposits accumulating In certain rock 
strata.  Today, using modern dri l l ing techniques and giant platforms, these resources are being 
extracted from ever greater depths.  Production systems are even being instal led on the sea f loor.
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ground trap structures. In addit ion to oi l and other 
hydrocarbons, the porous rocks also contain large 
amounts of water, which has to be separated out during 
product ion of the oi l. 
Because the cont inents, as a result of cont inental 
drif t , have been moving for mil l ions of years or more, 
the ancient seas in which the shales were formed no 
longer exist today. At a t ime around 120 mill ion years 
ago, South America and Africa began to break apart . Ini-
t ia l ly a small t ropical sea surrounded by land was 
formed in this process, in which a large volume of bio-
mass was deposited. This sea then expanded to become 
the South At lant ic Ocean. Today the ancient sediments 
of the former t ropical sea l ie off the coasts of South 
America and West Africa.
Layer upon layer of peat
As a rule, natural gas is formed from terrestr ial vegeta-
t ion that once grew in f lat coastal areas or in near-coast-
al swamps in subtropical and t ropical cl imates. In 
swampy areas, peat usually formed f irst . Due to numer-
ous cycles of sea-level r ise and fal l over the millennia, 
these wet land areas were repeatedly f looded. Fine sand 
and clay part icles that were t ransported from the land 
to the sea were then deposited upon the submerged peat 
layers. When the water retreated with fal l ing sea level, 
land plants colonized the areas again, al lowing a new 
peat layer to form. 
Over mill ions of years, the r ising and fal l ing of sea 
level created a layer-cake sediment pattern in which 
sandy and clayey layers alternated with thick peat lay-
ers. Ideal condit ions for the format ion of peat were pres-
ent in large regions of central and northern Europe and 
in North America during a period from 290 to 315 mil-
l ion years ago. At that t ime these regions lay close to the 
equator. They were located in a warm, t ropical zone, 
and were r ich in vegetat ion. Not unt i l later did these 
land masses drif t several thousand kilometres north-
ward to their present posit ion.
With t ime, the layer-cake structure of alternat ing 
peat and clay layers was also covered by new sediments 
and compacted by their enormous weight. However, no 
oi l was formed from the old peat layers, but f irst l ignite 
and later hard coal. At a depth of 4000 to 6000 metres 
and temperatures between 120 and 180 degrees Cel- 
sius, natural gas formed in the coal over many mill ions 
of years. For the format ion of natural gas, higher tempe- 
ratures are required than for oi l.
As a rule, natural gas contains around 90 per cent 
methane. This is accompanied by other gas-phase 
hydrocarbons such as ethane, propane and butane, as 
well as non-f lammable gases such as carbon dioxide and 
nit rogen. An addit ional component is hydrogen sul-
phide, which has to be removed from the natural gas 
before it can be used. Hydrogen sulphide can convert to 
acid when the gas is burnt, which can lead to corrosion 
in power plants and heat ing systems.
1.15 > 300 million 
years ago extensive 
clubmoss and 
horsetail forests were 
common. The plants 
were several metres 
high, much taller than 
today. Coal and 
natural gas were 
formed from them.
Peat
Peat is defined as soil 
that contains more 
than 30 per cent  
organic material. This 
consists of partially 
decayed plant remains 
that could not be 
completely broken 
down in oxygen-free, 
standing swamp 
water.
 > Chapter 0122
Natural gas with an especial ly high content of 
hydrogen sulphide or carbon dioxide is cal led acid gas. 
If this is to be used it must undergo extensive cleaning. 
Natural gas also migrates gradually out of the source 
rock. If it is not t rapped by dense rock layers then, l ike 
oi l, it can r ise al l the way to the Earth’s surface. The 
“eternal f ires” in Iran are fed by r ising gas and conden-
sate, and were presumably l it init ial ly by a l ightning 
str ike. There are many places around the world where 
f ires fed by underground gas are st i l l burning. Many of 
these were venerated by ancient cultures and have 
become sacred sites.
Wherever underground trap structures were pres-
ent, the natural gas, just l ike oi l, could accumulate in 
reservoirs. Generally, the accumulat ions are only con-
sidered to be reservoirs when they are large enough and 
the rocks permeable enough to make product ion of the 
hydrocarbons economically feasible. This is equally 
t rue for both gas and oil. 
Gas or oi l accumulat ions that are too small to be eco-
nomically produced, however, occur much more fre-
quent ly in nature. 
 Natural  gas and oi l  t rapped
Specialists dist inguish dif ferent kinds of reservoirs in 
which large amounts of natural gas or oi l have accumu-
lated. Typical reservoir types include:
ANTICLINE: An ant icl ine is an arching structure of 
rock layers, a kind of underground hil l. It is formed 
when dense rock layers undergo pressure from the sides 
caused by movement of the Earth’s crust . When the 
ant icl ine is composed of impermeable rocks, the r ising 
gas and oil can accumulate there, as in an inverted 
bowl.
FLANK OF A SALT STOCK: Salt stocks are large under-
ground accumulat ions of solid rock salt that can be as 
much as thousands of metres thick. If an impermeable 
rock layer (a t rap structure) abuts on the f lank of a salt 
stock, then ascending oi l and gas will be t rapped 
between the rock layer and the f lank, because the salt is 
also impermeable. 
UNCONFORMITY: An unconformity arises at locat ions 
where rock layers abut obliquely, or at an angle to one 
another. Unconformit ies are formed by l i f t ing, subsid-
ence, or squeezing of rock packages that are subse-
quent ly overlain by younger sediments. If these overly-
ing sediment layers are impermeable, ascending gas and 
oil can accumulate and concentrate in the underlying 
rock packages.
CORAL REEFS: In many instances, natural gas and oil 
collect in very porous l imestone that has formed from 
ancient coral reefs.
SALT STOCK OVERHANG: Some salt stocks are mush-
room-shaped with a wide dome at the top, which forms 
a kind of umbrella, known as the overhang. Gas and oil 
can accumulate beneath this. Salt stock overhangs are 
mainly the result of immense underground pressure. 
Salt r ises because it is less dense than the overlying 
strata. It bulges upward into domes or the mush-
room-shaped overhangs. These movements are referred 
to as salt tectonics. 
ROCK
STRATUM
GROUND
SALT
1 Under a bulge (ant ic l ine)
2 In a cora l reef
3 Under over lapping layers (unconformity)
4 At a sa lt s tock f lank
5 Under a sa lt s tock overhang
1
2
3
4
5
Minera l oi l
Natura l gas
1.16 > Gas and oil accumulate in various kinds of underground 
reservoirs.
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Seeking natural  gas and oi l
The fact that there is st i l l enough natural gas and oil in 
spite of globally r ising energy demand is in part due to 
the discovery in recent decades of new reservoirs on 
land and in the sea, largely as a result of the develop-
ment of new methods to detect the reservoirs. The 
search for resources involves both prospect ing and 
explorat ion. 
Prospect ing is the search for unknown reservoirs. 
The stage of prospect ing is fol lowed by explorat ion, 
which involves the precise appraisal and development 
of the reservoirs and resources that have been found. If 
deposits are discovered during explorat ion, then addi-
t ional wells are dri l led to est imate the size and dimen-
sions of the reservoir. This is the assessment phase. If 
the found reservoir is large enough then product ion can 
begin.
Prospect ing begins with a determinat ion of whether 
gas and oil can be expected to occur in a certain area. 
This includes an init ial collect ion of data relat ing to the 
deep rock strata in order to determine the geological 
development of the area in quest ion. Computer pro-
grams called basin analysis systems are employed to 
play back the geological history of the region. These pro-
grams simulate the millennia of sedimentat ion in the 
prehistoric marine basin and the t ransformat ion at great 
depths from sediments to rocks. The format ion of f rac-
tures, t rap structures and salt stocks, and the effects of 
movements of the Earth’s crust due to cont inental drif t 
are also simulated by such programs.
This is fol lowed by extensive geophysical studies, in 
which the subsurface is examined similar to the way a 
pat ient is x-rayed during a medical examinat ion. In prin-
ciple, the same methods are used on land and in the sea. 
For invest igat ions at sea, however, aircraft , ships, and 
special addit ional equipment are necessary. Important 
geophysical methods include:
SEISMICS: Seismics are the most important prospect ing 
tool deployed al l over the world. The methods work in a 
manner that may be compared to ult rasound examina-
t ions by a doctor, in the sense that ult rasound waves are 
sent into the body from a t ransducer probe and are 
ref lected at dif ferent intensit ies by various organs or 
bones. The ult rasound machine creates an image of the 
inside of the body from the pattern of ref lect ions detect-
ed. With seismic methods, acoust ic waves that pene-
t rate into the sea f loor are t ransmitted by airguns on a 
research ship. The waves t ravel at dif ferent velocit ies 
depending on the type of rock they encounter. In the 
subsurface they are ref lected at the boundaries between 
dif ferent rock types. From the specif ic dif ferences in 
the sound waves’ t ravel t imes, a computer can draw 
conclusions about the nature of the rock forming the 
seabed. Just a few decades ago seismic methods could 
only provide simple cross sect ions of the sub-bottom. 
Today modern 3-D seismic methods are employed. 
These are largely made possible by increasingly power-
ful computers that are capable of spat ial ly represent ing 
bottom structures and reservoirs (Chapter 3).
GRAVIMETRY: Gravimetry was one of the f irst geo-
physical techniques to be used in the search for oi l and 
natural gas. This method ut i l izes the Earth’s gravita-
t ional force, which is not equally st rong everywhere. 
That force rather varies with the mass of the materi-
als in the ground at a given point, which 
depends in turn on the density of the 
rocks. Gravity measurements can be 
used to dist inguish between dif ferent 
rock types or underground struc-
tures and thus draw inferences 
about possible reservoirs. However, 
the dif ferences between the rocks 
must be suff icient ly large for the 
method to work. This is the case, for 
example, in the strata beneath the Barents 
Sea in the North At lant ic. There are large salt 
stocks here, which have a signif icant ly lower density 
than the surrounding rocks. Among other things, this 
al lows the determinat ion of salt stock f lanks and over-
hangs. The tools that measure gravity are called gravi- 
meters, and these are deployed on ships, aircraft and, 
for about the past ten years, on satell ites.
MAGNETICS: The Earth possesses a magnet ic f ield that 
extends between the North and South Poles. This mag-
1.17 > The strength 
of the Earth’s 
gravitational field 
varies at different 
locations. It depends 
primarily on the 
density of the rocks. 
Very accurate gravity 
maps have been 
created in recent 
years with the help of 
satellites. In this 
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net ic f ield is very constant. Certain bottom structures, 
however, can produce dif ferences in this magnet ic f ield, 
known as magnet ic anomalies, which are measureable. 
The magnitude of the anomalies depends in part on how 
strongly the sub-bottom is magnet ized. This magnet iza-
t ion, in turn, depends on the iron compounds – magnet-
ite, maghemite and hemat ite – present in the sub-bot-
tom. Hemat ite is less magnet ic than the other two 
compounds. The magnet ic f ield of a reservoir is general-
ly found to be weaker. This is because the sedimentary 
rocks in which oi l and gas are t rapped are less magnet ic 
than the surrounding rocks, for example volcanic rocks. 
Magnet ic f ield measurements are usually made from 
aircraft carrying highly sensit ive instruments. In this 
way, large areas can now be invest igated within a rela-
t ively short t ime.
ELECTROMAGNETICS (georadar): In electromagnet ic 
procedures, electromagnet ic impulses are t ransmitted, 
l ike those of a radio antenna, but in this case radar 
waves are used. Similar to the sound waves of seismic 
methods, the electromagnet ic signals are altered by the 
bottom structure.
When geophysical invest igat ions in a marine region are 
completed, the next step is to dri l l explorat ion wells. 
This is usually carr ied out by f loat ing dri l l r igs, which 
are known in the industry as semi-submersibles. Dur-
ing dri l l ing, the retr ieved cutt ings are cont inuously 
examined by specialists on board. They are interested 
in the kinds of rocks and their age as well as the compo-
sit ion of the dri l led st rata. Shale can be indicat ive of 
source rock, while sandstones suggest the presence of a 
reservoir. The remains of marine organisms such as the 
calcareous shells of marine algae, which l ived at certain 
t imes and under certain cl imat ic condit ions, provide 
robust evidence for the age of the rock layers encoun-
tered.
Furthermore, during dri l l ing the natural gas and 
hydrocarbon content of the cutt ings are constant ly 
measured. If the explorat ion act ivit ies reveal tangible 
evidence of a reservoir, addit ional wells are dri l led to 
assess the size of the reservoir, how easi ly the resource 
can be produced, and the quality of the gas or oi l. Only 
af ter al l of this informat ion is available can product ion 
begin.
Horizontal  is  better  than vert ical
To develop gas and oil reserves, it is necessary to dri l l 
through thousands of metres of thick rock layers. This 
requires dri l l bits as thick as t ree t runks and with large 
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s teer ing r ibs
Dr i l l b it with 
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1.18 > With 
directional drilling 
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within a wide  
radius can be 
developed from a 
single platform. 
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grinders made of hardened metal or ceramic. The dri l l 
bits grind the rocks. Today they are usually driven by a 
turbine located behind the bit . Rotat ion of this turbine 
is propelled by dri l l ing f luid that is pumped into the 
hole under high pressure. This dri l l ing f luid then trans-
ports the crushed rock out of the hole. The f luid r ises 
with the cutt ings, which are removed by sieving on the 
dri l l f loor, and is then pumped back into the well. In 
order to drive the dri l l head into the subsurface, the 
dri l l st r ing is lengthened piece by piece with ten-metre-
long pipe joints that are screwed together. This rotary 
dri l l ing technique has been in use for around 100 years. 
Depending on the hardness of the layer being 
dri l led, the bit becomes blunt af ter a t ime and has to be 
changed. Around 30 bits are needed for a 5000-metre 
well. To change the bit , the ent ire dri l l st r ing has to be 
pulled out of the well and unscrewed piece by piece, 
then with the new bit the str ing is reassembled and 
lowered back into the hole. The t ime required to change 
the bit varies with the depth of the well.
In the early days of the industry it was only possible 
to dri l l vert ical ly. To develop a large gas or oi l f ield it 
was pract ical ly always necessary to erect mult iple dri l l 
r igs, one beside another, because one well was not cap-
able of extract ing the oi l f rom distant areas of the reser-
voir. In the meant ime, direct ional dri l l ing techniques 
have become available, making it possible to curve the 
l ine of dri l l ing. This enables many wells to be operated 
from a single plat form; it also al lows the development of 
gas and oil f ields over a distance of several ki lometres.
With the f irst direct ional dri l l ing methods it was 
init ial ly only possible to dri l l at a predetermined specif-
ic angle. This involved incorporat ing a hydraulic motor 
into the front part of the dri l l st r ing at the dri l l bit , 
whose axis was t i lted a few degrees from that of the 
dri l l st r ing. With this technique, as before, the dri l l 
st r ing was driven from the dri l l r ig. When the hydraulic 
motor was switched on, the dri l l ing direct ion was 
diverted according to the pre-set angle. Because the 
angle only const ituted a few degrees, the well was 
diverted in a broad arc. The curvature was so sl ight that 
the dri l l st r ing was only minimally bent.
Furthermore, a special kind of steel was employed 
in the pipe so that it could bend slight ly without break-
ing, l ike a drinking straw that can bend a l it t le without 
cr imping.
With modern direct ional dri l l ing techniques, how-
ever, it is possible to adjust the direct ion while dri l l ing. 
For this method, a steering unit with steering r ibs, the 
steering sub, is mounted behind the dri l l bit . It is f it ted 
l ike a r ing around the dri l l pipe, which is driven from 
the dri l l r ig. The steering r ibs are hydraulical ly act ivat-
ed to press against the wall of the hole and wedge the 
steering sub. This produces a force that diverts the dri l l 
bit f rom its path. By act ivat ing the appropriate steering 
r ibs it is possible to direct the dri l l bit in any desired 
direct ion. Sensors monitor the spat ial posit ion of the 
dri l l bit as it advances. A computer program corrects the 
course automat ically as necessary. The motors and gen-
erators for the hydraulic system are located direct ly 
behind the steering sub.
Today, with extended reach wells, dri l l ing f irms are 
able to dri l l horizontally to distances greater than 12 
kilometres. Furthermore, f rom a horizontal well it is 
possible to branch off to other wells. This is cal led mul-
t i lateral dri l l ing. These horizontal wells diverge and 
bifurcate l ike the root system of a t ree, ensuring maxi-
mum extract ion from the reservoir. 
Extended reach dri l l ing can also be used from a land 
base to extract resources from offshore reservoirs. 
These methods have been used already for many years 
for oi l product ion on the German North Sea coast , for 
example, as well as in current projects in the Caspian 
Sea. 
Standard pipe
Pipe casing
for s tabi l i t y
Dr i l l hole
Expandable pipe
Cone for widening
the pipe
Dr i l l s t r ing
1.19 > To counteract 
the telescoping 
downhole reduction in 
well diameter, special 
new expandable pipes 
have recently begun to 
be employed. These are 
widened underground 
by pressing a 
hydraulically driven 
conical tool through 
the pipe. This 
technique is known as 
the solid expandable 
tubular method.
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For successful dri l l ing it is important to f lush the 
dri l l hole with an aqueous solut ion. Not only does the 
solut ion t ransport the dri l l cutt ings away from the bit , it 
a lso cools the bit . Furthermore, due to its own weight, 
the solut ion produces a counter pressure that supports 
the dri l l hole to prevent caving. The aqueous solut ion is 
pumped through the dri l l st r ing down to the dri l l bit , 
where it then enters the space between the dri l l pipe 
and the surrounding rock. It r ises to the surface again 
inside this space. 
But the f luid is not able to protect the hole indefi-
nitely against caving. For this reason steel pipes are 
intermittent ly cemented in the dri l l hole to support the 
walls. The problem with this is that the dri l l bit has to 
cont inue to advance deeper, and new pipe joints have to 
be pushed through the part that is already cemented. 
The subsequent pipe joints, then, have to have a smaller 
diameter than the cemented pipe. The hole is thus 
reduced in size downhole l ike a telescope. A well may 
have a diameter of up to 70 cent imetres at the surface 
and, at a depth of several ki lometres, have a diameter of 
only a l it t le more than 10 cent imetres. For future extrac-
t ion at high rates, however, a large diameter is more 
effect ive. 
New pilot projects are therefore employing f lexible 
steel pipes. When they are in place, a hydraulic piston, 
cal led a conical expansion tool, is pushed through the 
pipe to widen it , creat ing a pipe with a uniform diame-
ter. 
When oi l  dr ies up
In essence, the same techniques are employed when 
dri l l ing for gas or for oi l. The extract ion process, how- 
ever, is dif ferent for the two resources because oi l is vis-
cous and only f lows to the well naturally for a l imited 
t ime as long as the reservoir pressure is high enough. 
The f low dries up as the reservoir empt ies and pressure 
drops. The reservoir pressure must then be art i f icial ly 
increased by technological methods. Thus, three clearly 
dist inct phases of oi l product ion can be characterized:
1. PRIMARY PRODUCTION
During primary product ion the oi l init ial ly f lows to the 
well under its own natural pressure. When the reser-
voir pressure decreases and the oi l f lows more slowly, 
pumpjacks are deployed to pull the oi l up to the surface. 
With primary product ion, only around 5 to 30 per cent 
of the original oi l present in the reservoir, on average, 
can be extracted.
2. SECONDARY PRODUCTION
To better exploit the reservoir, secondary product ion 
methods are employed fol lowing the primary produc-
t ion phase. The most common method is f looding with 
water. In this approach, water is injected under pres-
sure into the side of the reservoir to force the oi l toward 
the well. The reservoir pressure is art i f icial ly increased 
by pumping in the water. In rare cases, natural gas is 
1.20 > Oil production 
can be broken down 
into three phases: 
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into the well under its 
own natural pressure. 
Later, pumps maintain 
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pumped into the reservoir. This is generally only done 
in regions where natural gas is available in abundance. 
The valuable natural gas is later recovered. Secondary 
product ion increases the proport ion of extractable oi l to 
as much as 45 per cent of the reservoir. 
3. TERTIARY PRODUCTION
At some point, the secondary product ion methods reach 
their l imit . Because water and oi l have similar densit ies, 
it can happen during secondary product ion that the 
injected water f lows past the oi l and into the well, with 
the result that very l it t le oi l is produced. For this reason, 
tert iary methods are used to decrease the viscosity of 
the oi l. Hot water or solvents are pumped into the reser-
voir for this purpose. Alternat ively, it is possible to stop 
water f lowing around the oi l by introducing a synthet ic 
l iquid, a polymer, into the area between the oi l and 
water. This polymer is so viscous that the water cannot 
f low through it . The pressure of the injected water is 
thus t ransferred through the polymer to the oi l, forcing 
the oi l out of the reservoir. Furthermore, addit ives are 
now being developed that wil l increase the viscosity of 
the water. This could also prevent the water from f low-
ing past the oi l. 
Tert iary methods are also referred to as enhanced 
oi l recovery (EOR) techniques. They are applied today to 
open up oi l f ields again that had previously been shut 
down because product ion had become uneconomic. 
Although they are more expensive than primary pro-
duct ion, the EOR techniques have become economically 
viable due to r ising oi l prices. With tert iary methods, up 
to 60 per cent of the original oi l in a reservoir can be 
extracted. This means that the pore spaces in a reser-
voir can never be completely empt ied of oi l, in part 
because of physical forces that hold the oi l in the pores. 
Around 40 per cent of the oi l remains underground 
whichever method is used. 
According to oi l industry est imates, enhanced oi l 
recovery techniques accounts for about 4 per cent of 
worldwide oi l product ion today. It is believed that this 
could r ise to 20 per cent by the year 2030. This is 
because many oil f ields around the world will be so 
extensively exploited that it wil l be necessary to switch 
to tert iary methods. In natural gas deposits, the reser-
voir pressure similarly decreases when the gas is 
extracted. To retr ieve the remaining gas, however, it is 
in most cases suff icient to employ pumps to suck the gas 
out and thus achieve the maximum yield.
Powerful  technology for great depths
In their search for new gas and oil reserves in the sea, 
energy companies have penetrated to ever greater water 
depths. This was part ly in response to the oi l cr ises of 
the 1970s, which prompted the development of new 
deposits, for example in the North Sea. Many reservoirs 
on land and in shallow shelf areas near the coasts have 
been depleted or are already in the enhanced oil recov-
ery phase. Interest in new reservoirs in the deep sea is 
thus increasing. 
In the 1940s the f irst gas and oil r igs were built in 
less than 10 metres of water on piers or ramps connect-
ed to the land. Later, plat forms were built standing f ixed 
on the sea f loor. Some of them are so tal l they would 
tower over the Empire State Building in New York.
Today’s r igs extract gas and oil f rom water depths of 
almost 3000 metres. Because the construct ion of f ixed 
r igs in water deeper than 400 metres is laborious and 
expensive, f loat ing r igs are commonly used today for 
wells in great depths. 
When sca rc i t y s t ruck – the oi l  c r ises
The term “oi l cr is is” is used to descr ibe two per iods dur ing the 1970s 
when the oi l supply on the wor ld market decreased as a result of pol it i-
ca l cr ises, leading not only to higher oi l pr ices but a lso to an economic 
crash. The f irs t oi l cr is is was tr iggered by the 20-day Yom Kippur War 
between Israel on one s ide and Egypt and Syr ia on the other. The Organ-
izat ion of the Petroleum Expor t ing Countr ies (OPEC), dominated by 
Arab countr ies, cut back on product ion in order to pressur ize western 
countr ies into withdrawing suppor t for Israel. The second oi l cr is is fol-
lowed in 1979 –1980, af ter the monarchy in Iran under Shah Mohammad 
Reza Pahlavi ended with the Is lamic Revolut ion. Soon af terwards, Iraq 
declared war on Iran. The pol it ica l instabi l i ty caused another shor tage 
of oi l on the wor ld market. The oi l cr ises ult imately led many countr ies 
to tap their own new reserves in order to become more independent ; 
one example is oi l product ion in the Nor th Sea. 
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1.21 > Floating platforms like this spar buoy in 
the Gulf of Mexico are employed today for 
producing oil from especially great depths. To 
reach the reserves it is necessary to overcome 
not only the water depths, but also to drill 
almost equally deep into the sea floor, as 
shown in this example. To illustrate the scale, 
Burj Khalifa in Dubai, the highest building in 
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Specialists dif ferent iate here between dri l l ing and 
product ion r igs. Dri l l ing r igs are used to open up a gas 
or oi l f ield. Float ing dri l l plat forms are often used to dri l l 
down to the reservoir. They are then towed to their next 
deployment area. Alternat ively, there are also large 
dri l l ing ships which, in contrast to plat forms, do not 
have to be towed but can t ravel f rom one reservoir to 
another under their own power. 
When the dri l l ing of a well is f inished, it is init ial ly 
capped at the sea f loor with a wellhead. This is a kind of 
sealing cap, approximately the size of an automobile, 
that prevents the gas or oi l f rom escaping. Only then 
can the dri l l plat form be moved away. Later a product ion 
plat form will be instal led in its place. Then the well-
head is opened again and the natural gas or oi l is extract-
ed from the reservoir.
In moderate water depths, product ion r igs today are 
st i l l erected with legs planted on the sea f loor. At great-
er depths, however, f loat ing plat forms are employed. In 
addit ion, there are product ion ships, known as Float ing 
Product ion Storage and Off loading Units (FPSOs). These 
are especial ly f lexible and are often deployed for small-
er gas and oil deposits. When one reservoir is exhausted 
they t ravel on to the next one. Rigs are also in use that 
can be employed for both dri l l ing and product ion.
Small  industr ial  c i t ies at  sea
Whether it’s a dri l l ing or product ion r ig, a plat form 
standing on the sea f loor or a f loat ing plat form, each of 
these r igs is l ike a small industr ial city. There can be 
f itness and conference rooms on board, bedrooms and 
lounges for up to 200 workers, and of course the equip-
ment for dri l l ing or product ion. On dri l l ing plat forms, 
this includes, f irst of al l, the dri l l r ig with the derrick, 
through which the dri l l st r ing is lowered into the rock 
format ions. The dri l l st r ing is rotated either by a power 
unit in the derrick or by a rotary table direct ly on the 
plat form, a kind of rotat ing disc with the dri l l st r ing 
secured in the centre. There are also pumps that force 
the dri l l ing f luid into the well.
For product ion, on the other hand, pumps are need-
ed to draw the gas and oil to the surface when the res-
ervoir pressure starts to drop. Because the resource is 
always mixed with sand and water, there are faci l it ies 
on deck that separate and process the conglomerat ion. 
In addit ion, there are tanks for gas and oil as well as 
pumps to t ransport the resource to land by pipelines or 
to f i l l tanker ships. The power supply for the many 
items of equipment and for the l iving quarters is pro-
duced by generators. 
1.22 > Over time, oil 
production continued 
to shift further out to 
sea. Because the drill 
platforms still stood 
on the bottom, they 
had to be ever bigger 
and taller. Today, at 
greater depths 
floating platforms are 
mainly used.
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Because oi l usually contains a small amount of nat-
ural gas, processing systems are also required on oi l 
product ion plat forms to separate the gas from the oi l. In 
the past , gas was usually f lared off and wasted. Unfor-
tunately, that is somet imes st i l l the case today. But now 
it is being put to use more often, in many cases for gen-
erat ing electr icity on dri l l ing and product ion plat forms. 
If it accumulates in large amounts it is pumped to land 
via pipeline.
Today there is a large variety of standing or f loat ing 
dri l l ing and product ion r igs that have been developed 
for part icular applicat ions. They fal l into three catego-
r ies, as fol lows:
FIXED PLATFORM: This type stands on legs on the 
sea bottom. Fixed plat forms include:
•	 Jackup rigs: Jackup r igs are large f loat ing plat forms 
with extendible legs. Cranes, l iving quarters and 
dri l l ing or product ion systems are instal led on 
board. They are brought to their dest inat ion by tow-
boats or under their own power. Once a jackup r ig 
has arr ived at its site of deployment, the legs are 
lowered to the sea f loor so that the plat form stands 
on the bottom. The advantage is that when a job is 
f inished the plat form can be towed to a new loca-
t ion. The dri l l ing plat form Constellation II shown in 
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Figure 1.23 is an example of a jackup r ig. Among 
other tasks, it is used to dri l l test wells for natural 
gas. 
•	 Steel platforms: Steel plat forms are built on latt ice 
framework towers. The steel f rame possesses the 
special advantage of having low resistance to wind 
and waves. Steel construct ion is of ten seen in the 
Gulf of Mexico and in the North Sea. The pipes used 
to anchor the tower on the sea f loor are several 
metres thick because they have to support a weight 
of tens of thousands of tonnes. The largest plat form 
of this type is the Bullwinkle oi l plat form, which 
was erected in 1988 in the Gulf of Mexico as a pro-
duct ion plat form. It is a full 529 metres tal l. The 
water depth at its deployment locat ion is 412 metres. 
The steel construct ion was fabricated on land and 
then towed out to sea. Steel st ructures the size of 
Bullwinkle shown in Figure 1.24 are only used as 
product ion plat forms in large and high-yield gas or 
oi l f ields. 
•	 Concrete platforms: Concrete plat forms rest on 
top of giant hollow bodies made of reinforced con-
crete. Because of their size and cost ly construct ion, 
they too are mainly used as product ion plat forms in 
large gas or oi l f ields. Because of the very high water 
pressure at great depth, the hollow bodies are spher-
ical or cylindrical in form. They are fabricated on 
land and then towed to the deployment locat ion. 
They are part ial ly f looded to prevent the structure 
from t i lt ing. Enough air remains within the hollow 
space, however, for the structure to remain stable in 
the water l ike an enormous ship. At its site of 
deployment, the ent ire st ructure is then lowered to 
the sea f loor. Later, during product ion, the hollow 
bodies can be used as tanks to store extracted gas 
and oil. A good example of this type of plat form is 
the Sea Troll natural gas product ion plat form, which 
began operat ions in the Norwegian Troll gas f ield in 
1996. The 472 metre st ructure was fabricated on 
land and then towed out to sea. The water depth at 
the site is 303 metres.
COMPLIANT PLATFORM: There are also variants of 
this plat form type, such as steel towers that are supple-
mented with steel cables to anchor them to the sea 
f loor. The fol lowing are especial ly common:
•	 Tension-leg platforms: The tension-leg plat form 
(TLP) is one of the most common types of compliant 
plat form. As a rule, it consists of a plat form rest ing 
on a large buoyancy tank with mult iple supports. 
Thus the TLP is not in fact a tower standing on the 
1.23 > The jackup 
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sea f loor, but is permanent ly anchored to the bottom 
by thick steel cables. It is special in that the steel 
cables are kept t ightened, so that the TLP remains 
stable in the water. The cables are t ightened by par-
t ial ly f looding the buoyancy tank so that the struc-
ture sinks downward. Next the steel cables are 
instal led. Finally, the ballast is pumped out again 
and the TLP f loats upward. As a result , the tension 
in the steel cables between the sea f loor and the 
buoyancy tank is increased. Because the buoyancy 
tank l ies deep in the water, even in storm condit ions 
the TLP does not move l ike a ship, which r ides with 
the waves. The waves simply roll past under the 
plat form and around the cables. Because a tower 
f ixed on the sea f loor is not necessary, this type of 
st ructure also offers the part icular advantage that it 
can be employed for natural gas and oil f ields locat-
ed in greater water depths.
•	 Spar buoys: Closely related to the  tension-leg plat-
form is the spar buoy construct ion type. These are 
not tethered by mult iple cables, but are supported 
by a long cylindrical hull that stands vert ical ly l ike 
a giant pipe in the water. This hull provides l i f t l ike 
a buoy. This type has only been used in oi l produc-
t ion for the past 20 years or so. An advantage of this 
configurat ion is that its thin cylindrical shape offers 
l it t le resistance to currents in the sea and so it is not 
severely st ressed by them. The cylindrical hull con-
tains tanks for gas and oil as well as ballast tanks 
that can be used to raise and sink the spar buoy 
structure in a manner similar to a TLP. Like the  ten-
sion-leg plat form, the spar plat form is anchored to 
the sea f loor with permanent ly embedded tethers. 
The term “spar” is not an abbreviat ion, but simply 
refers to its being based on the cylindrical st ructure, 
in analogy to the round wooden or metal spars on a 
sai lboat. 
FLOATING PLATFORMS: The f loat ing plat forms 
include small semi-submersibles that are held in posi-
t ion through their own power or by simple anchors. 
These plat forms usually do not have a permanent 
anchoring system in the sea f loor l ike the TLPs. They 
are frequent ly moved to new reservoirs for dri l l ing 
operat ions. The f loat ing plat forms include dri l l ships as 
well as the FPSOs. These are usually deployed near pro-
duct ion plat forms or subsea faci l it ies with which they 
are connected by f lowlines or cables. Processing faci l i-
t ies for gas and oil are often present on the FPSOs, as 
well as large tanks from which tanker ships are usually 
f i l led. One example is the 285-metre long FPSO Kizom-
ba A shown in Figure 1.26, which is deployed off Ango-
la for oi l product ion. 
1.25 > The Norwegian 
Sea Troll is the  
largest natural gas 
platform in the world. 
It was moved to its 
deployment area by 
several towboats.
1.26 > The FPSO 
Kizomba A is part of a 
large oil production 
complex that consists 
of a production 
platform and several 
subsea units. 
1.25 1.26
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FIXED PLATFORM 
The jackup rig stands on 
extendible legs. It can be 
quickly moved to a new  
site, for instance to  
develop new natural gas 
fields. An example is  
Constellation II.
FIXED PLATFORM
Steel structures such as the 
American Bullwinkle
 platform are prefabricated  
on land and then towed out 
to sea.
FIXED PLATFORM 
The floating platform is towed 
out to sea. The concrete 
bodies are used as ballast 
tanks for balance during this 
process. Later, during 
production, they are employed 
for gas storage. The largest 
platform of this type is the 
Norwegian Sea Troll.
COMPLIANT PLATFORM
The guyed tower stands fixed 
on the sea floor, but is also 
tethered.
1.27 > A wide variety of drilling and 
production platforms have been developed 
in recent decades for the extraction of 
natural gas and oil from the sea. These 
can be classified into different categories.
Types of  p lat forms used in  the gas  and o i l  industry
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FLOATING PLATFORM 
FPSOs such as the  
Kizomba A float freely in  
the water. They are held in 
position with multiple 
engines or simple anchors. 
They can produce, store and 
process oil. Water is 
pumped into the sea floor 
through flowlines for 
secondary oil production.
COMPLIANT PLATFORM 
Spar buoys are among the 
oil industry’s depth-record 
holders.
COMPLIANT PLATFORM 
The tension-leg platform 
floats in the water and  
is permanently connected to 
the sea floor by taut steel 
cables. 
FLOATING PLATFORM 
The semi-submersible 
platform floats freely in the 
water. It is held in position 
with motors or several simple 
anchors, and can be quickly 
moved to a new deployment 
site. Water is pumped through 
lines into the formation for 
secondary oil production.  
Oil is then extracted through 
the pipe string under the 
platform.
 > Chapter 0134
1.28 > Production platforms have been a part 
of the offshore oil and gas industry for de-
cades. Important production regions include 
the coastal waters off South America and 
West Africa and, as seen in this photo, the 
Gulf of Thailand.
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Production technology on the sea f loor
Today, gas and oil product ion operat ions are no longer 
l imited to using large plat forms on the sea surface. 
There is now an alternat ive, known as subsea comple-
t ion systems. These comprise various water-t ight com-
ponents such as compressors, pumps and separators for 
gas and oil processing mounted on steel f rames. The 
components are placed direct ly on the sea f loor. With 
the help of underwater robots, they are then connected 
together to form large product ion ensembles. Such sub-
sea complet ion systems are not considered to be plat-
forms, and thus effect ively form their own class of off-
shore faci l ity. They will generally be deployed in deep 
and ult radeep areas.
Subsea equipment has a number of advantages. For 
one, the systems work more eff icient ly when the pumps 
and compressors are closer to the source, which is on 
the sea f loor, and for another, it is possible to clean and 
process the gas- or oi l-water-sand mixture locally with-
out having to pump it to the dri l l plat form. This means 
that the product ion technology is much simpler and 
saves signif icant costs. 
In addit ion, thanks to underwater technology, less 
product ion equipment is needed in large gas and oil 
f ields. Even using direct ional dri l l ing methods from a 
dri l l plat form, the radius in which extract ion can take 
place remains l imited. However, i f the pumps and com-
pressors are emplaced direct ly on the sea f loor, it 
becomes possible for gas and oil f rom numerous wells in 
a wide radius to be pumped to a common product ion sta-
t ion. From that stat ion, the product can be sent onshore 
or to an FPSO, for example. 
These kinds of subsea instal lat ions are now in oper-
at ion in the Gulf of Mexico, off South America, West 
Africa and Norway. In the Perdido oi l f ield in the Gulf of 
Mexico, for example, individual oi l plat forms at the 
water surface are connected to as many as 30 wellheads 
on the bottom. A single plat form can thus produce oi l 
f rom a number of wells. 
In the Ormen Lange gas f ield on the Norwegian con-
t inental shelf, on the other hand, around 50 wellheads 
have been instal led in an area of almost 500 square ki lo-
metres on the sea f loor. These are connected to a small 
number of common subsea product ion stat ions under 
water that pump the gas onshore via pipeline. For these 
kinds of projects, new special equipment and machines 
are constant ly being developed. Today, there are already 
underwater compressors on the market that are capable 
of increasing the pressure in natural gas reservoirs 
when they begin to empty and the format ion pressure 
decreases, thus al lowing cont inued product ion.
The development of subsea equipment remains a 
challenge because the various working parts and the 
electronic components not only need to be watert ight 
and withstand high water pressures; they must also be 
highly reliable. On offshore plat forms, compressors, 
pumps and compactors can easi ly be maintained, but 
with systems at great water depths, this is less st raight-
forward. There, a defect ive machine would be a serious 
problem.
Work is therefore being carried out around the world 
to develop robust systems that will function around the 
clock for many years. The elements of such systems 
include compressors that pump natural gas into the pipe-
lines. Compressor bearings are normally lubricated with 
oil. In subsea equipment, however, electronically con-
trolled magnetic bearings, in which the axle f loats, are 
now in use. The processing of oil and gas by means of 
subsea systems has reached a state of maturity at which 
it generates over 20 billion US dollars, and according to 
experts, this f igure could double by the year 2020.
1.29 > Gas and oil in deep water are increasingly being extracted with subsea systems that 
are located on the sea floor. These are modular systems. The individual components such 
as wellheads or compressors are linked to ensembles by flowlines.
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The Torrey Canyon  disaster – a wake-up cal l
The global oi l industry often exacts a heavy toll f rom 
the environment. Onshore, there is the problem of soi l 
contaminat ion by oi l f rom leaking pipelines. Offshore, 
oi l spi l led from damaged tankers poisons marine l i fe, 
coats and clings to the feathers of seabirds, and pollutes 
coast l ines. The problems associated with the produc-
t ion and t ransportat ion of crude oi l became all too 
apparent in the 1960s and 1970s, when the f irst super-
tankers came into service, increasing the potent ial 
threat to the environment. It was then that the world 
witnessed its f irst major oi l spi l ls, of ten affect ing many 
thousands of people. The f irst of these disasters occurred 
in 1967, when the tanker Torrey Canyon , which was 
carrying 119,000 tonnes of crude oi l, hit rocks and was 
wrecked near the Isles of Sci l ly off southwest England. 
The oi l formed a sl ick measuring some 1000 square 
ki lometres and caused massive pollut ion of coast l ines 
around Cornwall, Guernsey in the Channel Islands, and 
France.
Oil pollution – an insidious threat
Tanker disasters and oil r ig explosions st i l l occur 
from t ime to t ime; one example was the Deepwater 
Horizon incident in spring 2010, in which a vast quan-
t ity of oi l was released into the environment in a very 
short period of t ime. Yet in reality, this kind of spectac-
ular disaster accounts for only a small percentage of 
global marine oi l pollut ion. Most of the oi l t ravels along 
less obvious pathways. Of the est imated one mill ion 
tonnes of oi l entering the marine environment annual-
ly, around 5 per cent comes from natural sources. In the 
Gulf of Mexico, for example, crude oi l seeps naturally 
out of underground f issures and cracks and r ises from 
the reservoirs to the ocean f loor. Elsewhere, as in the 
Caspian region, large amounts of crude oi l erupt from 
underground reservoirs into the water via mud volca-
noes. These are not t rue volcanoes but mounds on the 
seabed. They contain watery sediment which heats up 
deep underground, causing it to r ise. In some cases, it 
t ransports oi l f rom nearby reservoirs upwards as well. 
Oi l ing the oceans
   > Oil  pol lution continues to pose a threat to the marine environment – but 
very l i t t le of this pollution comes from major oi l  spi l ls .  The greatest problem is oi l  that enters the 
seas along less obvious pathways,  such as inputs from eff luents or shipping. Various conventions 
to protect the marine environment,  better  survei l lance of seaways,  and contingency plans al l  play a 
part  in reducing the volume of oi l  entering the sea.  Lessons also seem to have been learned from the 
explosion at the Deepwater Horizon  oi l  r ig. 
11. 4.1967
5. 4.1967
29. 3.1967
Plymouth
Penzance
Newquay
19. 3.1967
G r e a t
B r i t a i n
F r a n c e
Main oi l s l ick
Route taken by the s l ick
25. 3.1967
Perros-Guirec
Paimpol 
Guernsey
Jersey
1.30 > In March 1967, 
the Torrey Canyon hit 
rocks off the south 
coast of England. The 
oil from the stricken 
tanker caused massive 
pollution along the 
coast of southern 
England, and within 
three weeks had drifted 
as far as Brittany and 
Normandy in France.
1.31 > The Royal Air 
Force dropped bombs 
in an attempt to sink 
the vessel and its 
remaining cargo, 
igniting the oil slick. 
The pall of smoke 
from the burning oil 
was visible more than 
60 miles away. 
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Oil tanker disasters account for around 10 per cent of 
global marine oi l pollut ion. Around 35 per cent comes 
from regular shipping operat ions; this includes oi l 
released during incidents involving al l other types of 
vessel, as well as oi l f rom i l legal tank cleaning. The 
largest share, amount ing to 45 per cent, comes from 
inputs from municipal and industr ial ef f luents and from 
rout ine oi l r ig operat ions, together with a small amount 
from volat i le oi l const ituents which are emitted into the 
atmosphere during various types of onshore burning 
processes and then enter the water. A further 5 per cent 
comes from undefined sources. This includes smaller 
inputs into the sea by polluters who go undetected. 
These percentages naturally do not apply to 2010 and 
other years in which major oi l spi l ls have occurred. The 
Deepwater Horizon disaster alone released around 
700,000 tonnes of oi l into the sea – more than two-
thirds the amount that would normally enter the marine 
environment over the course of an ent ire year. 
Progress on combating pollution 
The good news is that the number of oi l spi l ls f rom 
tanker incidents or caused by technical fai lures or 
explosions on tankers has fal len dramat ically in recent 
decades, despite steady growth in the seaborne oi l 
t rade. In the 1970s, there were between 50 and 100 
large oi l spi l ls a year, compared with fewer than 20 a 
year since the start of the millennium. The stat ist ics 
cover oi l spi l ls above seven tonnes; there is no system-
at ic collect ion of data on smaller incidents. 
Consistent with the reduct ion in the number of oi l 
spi l ls f rom tankers, the volume of oi l spi l led has also 
gradually decreased. Of the total volume of oi l spi l led 
from tankers between 1970 and 2009, only around 3.7 
per cent was spil led af ter 2000. The largest amount of 
oi l entered the marine environment in the 1970s – 
around 15 t imes more than in 2000 to 2009. 
According to experts, this decrease is primari ly due 
to the internat ional convent ions and regulat ions to pro-
tect the marine environment, which were progressively 
introduced after the various oi l disasters. One of the 
most important is the Internat ional Convent ion for the 
Prevent ion of Pollut ion from Ships (MARPOL 73/78), 
which since 1983 has formed the basis for the designa-
t ion of marine protected areas where tanker t raf f ic is 
wholly or part ly restr icted. The Convent ion brought the 
number of oi l tanker disasters down during the 1980s. 
MARPOL 73/78 also paved the way for the introduct ion 
of double hull tankers. It is now mandatory for al l new 
tankers to be f it ted with a double hull, so that i f a vessel 
is involved in a coll ision which penetrates the outer 
hull, the tanks inside generally remain intact . 
Another milestone was the adopt ion of the Oil Pol-
lut ion Act (OPA) in the United States, which was signed 
Shipping 35%
Natura l sources
Undef ined sources
Land-based ef f luents,
atmospher ic pathway,
dr i l l ing r igs 45%
5%
5%
Tanker
spi l ls
10%
1.32 > Oil enters the sea along various pathways. The largest 
share comes from inputs from effluents and from routine oil 
rig operations.
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1.33 > Although 
seaborne oil trade has 
increased since the 
1970s, the number of 
tanker spills has 
decreased. The statistics 
cover oil spills above 
seven tonnes.
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The explosion at the Deepwater Horizon mobile dr i l l ing r ig on 20 Apr i l 
2010 caused the largest accidental oi l spi l l in the oi l industry’s his tory, 
releasing around 700,000 tonnes of crude oi l into the Gulf of Mexico. 
Only the Gulf War oi l spi l l f rom Kuwait in 1990 released more oi l into 
the mar ine environment. Eleven workers on Deepwater Horizon lost 
their l ives and 16 others were ser iously injured in the blowout. In it s 
f ina l repor t , publ ished in December 2011, a US commit tee of exper t s 
concluded that a ser ies of technica l fa i lures and f lawed decis ions led 
to the disaster. This precipitated a controversia l debate about respon-
sibi l i ty and ways of avoiding s imilar disasters in future. 
Deepwater Horizon was a semi-submersible mobile of fshore dr i l l-
ing unit , designed to dr i l l wel ls in new oi l f ie lds in ultradeep water. 
Dr i l l ing r igs of this type are operated by service companies which are 
contrac ted by oi l companies to carry out dr i l l ing operat ions. To star t 
with, dr i l l ing only penetrates a few metres into the sea f loor. Sec t ions 
of pipe, known as casing, are then placed in the dr i l l hole. The casing 
has two funct ions : f irs t ly, i t provides s truc tura l integr ity for the dr i l l 
hole and prevents it from caving in immediately. And secondly, the 
casing head suppor t s the blowout preventer (BOP), which is insta l led 
on top of the casing on the sea f loor. The BOP is a s truc ture around 10 
metres high, f it ted with shut-of f va lves to prevent any uncontrol led 
surge of oi l and gas from the dr i l l hole dur ing or af ter dr i l l ing. The BOP 
surrounds the dr i l l s tr ing l ike an over-sized cuf f. As a fur ther safety 
measure, the BOP is a lso f it ted with devices known as shear rams: in 
the event of the valves fa i l ing, these ac t as twin jaws, cut t ing of f the 
dr i l l s tr ing and stopping the f low of oi l from the dr i l l hole or the BOP. 
Once the service company has opened the wel l, i t s work is done. 
The dr i l l s tr ing is removed and the BOP valves are c losed, secur ing the 
dr i l l hole. The r ig then travels under it s own power, or is towed, to the 
next wel l. The BOP remains c losed unt i l a product ion r ig is insta l led on 
top of it . The valves on the BOP are not opened unt i l the BOP is con-
nected to the product ion r ig with a pipe or hose, and extrac t ion of the 
oi l can begin. 
The Deepwater Horizon explosion occurred at the end of dr i l l ing 
operat ions dur ing the process of seal ing the wel l at a water depth of 
around 1500 metres, before oi l product ion began. The cr it ica l moment 
came when the dr i l l ing f luid was being pumped out of the dr i l l hole. 
This dr i l l ing f luid is pumped in dur ing dr i l l ing in order to transpor t the 
crushed rock out of the hole. It a lso s tabi l izes the dr i l l hole ; otherwise, 
the high pressure in the reservoir would normally cause the oi l – and 
the gas that it of ten contains – to burst through the wal ls of the dr i l l 
hole and surge out of the hole. The dr i l l ing f luid produces the neces-
sary counter pressure. Once the dr i l l ing has f inished, the dr i l l s tr ing 
and the dr i l l bit are removed from the hole and the dr i l l ing f luid is 
displaced with sea water. However, water is much l ighter than dr i l l ing 
f luid and therefore exer t s less downward pressure in the wel l to bal-
ance the f low of gas and oi l. The wel l is therefore addit ional ly sealed 
with a cement plug far down in the rock. While this operat ion is being 
per formed, the specia l is t dr i l l ing contrac tors on deck per form pressure 
test s to check whether the cement seal at depth is t ight. These cement-
ing operat ions are a lso carr ied out by specia l is t service providers. In 
other words, on an oi l r ig – as on any construc t ion s ite – there are 
a lways operat ives from severa l dif ferent companies, whose work must 
be precisely coordinated.
In the case of Deepwater Horizon, the test s indicated that there 
were pressure problems and that the cement ing was inadequate. How-
ever, the engineers on board made a fata l error: they misinterpreted 
the pressure test result s, assuming that there were dis tor t ions in the 
readings, and cont inued to displace the dr i l l ing f luid with sea water. 
Then the accident occurred: high pressure forced the gas out of the 
reservoir into the wel lbore. The cement ing fa i led, so the gas surged 
through the dr i l l s tr ing to the r ig, where it accumulated on deck and 
was ignited, probably by a spark from an engine room. Under normal 
c ircumstances, the blowout preventer, which had a lready been in- 
s ta l led on the sea f loor, would have prevented this gas surge. How- 
ever, the shear rams fa i led as wel l. As a result of the explosion, the 
Deepwater  Horizon  –  the of fshore  o i l  industry ’s  worst -c ase  scenar io
Shear rams cut and c lose of f the 
dr i l l s t r ing
Annular sea ls c lose the open wel l or 
dr i l l s t r ing
Bl ind shear rams c lose the wel l when 
the dr i l l s t r ing is removed. 
They withstand higher pressure than 
the annular sea ls .
Riser adapter
Flex joint in r iser
Connector to wel lhead
Dr i l l s t r ing
1.34 > A blowout preventer is a tower-like structure which acts as a large 
plug. Fitted with shut-off valves and shear rams, its purpose is to seal off 
wells on the sea floor. The Deepwater Horizon disaster occurred partly 
because the BOP technology failed.
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1.35 > After the explosion 
on 20 April 2010, the 
Deepwater Horizon drilling 
rig burned for several 
days. Attempts to 
extinguish the fire with 
water cannons failed. 
Finally, the rig capsized 
and sank into the waters 
of the Gulf of Mexico. 
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well went completely out of control, causing vast amounts of oi l to 
gush out into the sea for a lmost three months. Remote-control led 
underwater robots were used in an at tempt to tr igger the shear rams 
on the BOP, but without success.
In it s repor t , the commit tee descr ibes in deta i l the technica l fa i lures 
and f lawed decis ions which, together, led to the disaster, and con-
cludes that mater ia l improvements in the of fshore oi l development 
industry are required, not only in relat ion to technology, e.g. BOP con-
struc t ion, but a lso to management and safety systems and, above a l l, 
communicat ion between the var ious service companies and the opera-
tor. The of fshore dr i l l ing industry faces par t icular chal lenges and prob-
lems in deep waters, evident from the fac t that it took the operator, BP, 
a considerable t ime to seal the gushing wel l on the sea f loor. It was not 
unt i l July 2010, three months af ter the blowout, that engineers man-
aged to insta l l a capping stack – a ta l l s teel s truc ture – on the BOP. The 
capping stack captured the oi l f lowing out of the BOP and funnel led it 
to a product ion r ig. 
The commit tee est imates the tota l economic cost s of the disaster to 
be in the tens of bi l l ions of dol lars. For example, af ter the disaster, a 
ban on commercia l f ishing and aquaculture was imposed across 
200,000 square ki lometres of the Gulf of Mexico in order to prevent 
f ish and seafood contaminated with toxic hydrocarbons from get t ing 
to market. Although the ban has now been l if ted across much of the 
Gulf of Mexico, some restr ic t ions remain in force in severely af fec ted 
areas such as the Mississ ippi Delta, where oyster farming is s t i l l 
prohibited. The tour ism industry in Louis iana, Mississ ippi, Alabama 
and nor thwest Flor ida was a lso hit hard. The U.S. Travel Associat ion 
est imates that the economic impact of the oi l spi l l on tour ism across 
the Gulf Coast over a three-year per iod could be as high as 23 bi l l ion 
US dol lars. Fines tota l l ing around 4 bi l l ion US dol lars have a lready 
been imposed on BP, with a fur ther 8 bi l l ion US dol lars paid in compen-
sat ion to set t le tens of thousands of c ivi l c la ims out of cour t . According 
to economist s, the blowout at Deepwater Horizon has cost the compa-
ny around 42 bi l l ion US dol lars. 
So far, no comprehensive sc ient if ic s tudy has been carr ied out to 
determine which specif ic measures, and how many of them, have been 
implemented to make of fshore oi l development safer. However, var i-
ous aspect s have improved: manufac turers are now equipping their 
BOP systems with more rel iable valves and shear rams, for example. 
The relevant US author ity – the Bureau of Safety and Environmental 
Enforcement (BSEE) – has a lso s trengthened the provis ions on safety 
in of fshore dr i l l ing operat ions, for example by reinforcing stop-work 
author ity (SWA) rules. This empowers and requires any r ig worker, 
ir respect ive of their posit ion, to s top work and repor t an ac t ivity that 
is creat ing imminent r isk. If a worker repor t s a violat ion, a more senior 
engineer must respond and take correc t ive ac t ion. Stop-work author i-
ty rules were a lready in exis tence before the Deepwater Horizon inci-
dent, but “red f lags” from f ield-level personnel were of ten ignored. 
In addit ion, companies are now required to establ ish, in wr it ing, 
who has ult imate work author ity on a r ig for decis ion-making at any 
given t ime. This person must now be informed about every s tep in the 
work process. This was of ten lacking in the cooperat ion between the 
var ious service providers in the past : decis ions were not a lways prop-
er ly coordinated, or were taken by dif ferent people. As a result , mis-
takes somet imes went unnot iced – as in the case of Deepwater Hori-
zon. Independent auditors now carry out checks on the r igs to ensure 
that the decis ion-making author ity is c lear ly establ ished, that the 
s top-work author ity rules are being enforced, and that communicat ion 
has improved. Are a l l these measures suf f ic ient to avoid accidents in 
future? Only t ime wil l tel l . It is notewor thy that over the past three 
years, a new industry has developed, specia l iz ing in the product ion 
and deployment of capping stacks for the deepwater oi l industry. Some 
1.36 > The oil slick reached the Louisiana shoreline. 1.37 > Barriers were erected in a futile attempt to protect Dauphin Island.
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of the companies involved were a lready wel l-establ ished in the of f-
shore industry, but others are new businesses. Fur thermore, var ious oi l 
companies have joined forces and set up their own projec t s to develop 
or supply capping stack technology and personnel for subsea incident 
response, not only in the Gulf of Mexico but wor ldwide. The compa-
nies have set up bases around the wor ld, for example in Stavanger in 
Norway, Cape Town in South Afr ica, Angra dos Reis near Rio de Janei-
ro, and Singapore, with between six and 10 capping stacks kept on 
standby at each locat ion, ready for deployment in an emergency. The 
a im is to reach a faulty wel l within hours or days. Specia l vessels are 
used to insta l l the capping stack on the defec t ive BOP. The oi l can then 
be piped from the capping stack to a product ion r ig in a control led 
manner. In addit ion, var ious cont ingency plans are now in place as the 
basis for a managed response to disasters on the sca le of Deepwater 
Horizon. These were developed, in some instances by severa l oi l com-
panies on a col laborat ive basis, at the insis tence of the US government 
and are extremely deta i led. Among other things, they envisage the use 
of semi-submersible r igs, which can be towed to the s ite of the inci-
dent and used to pump oi l out of the capping stacks into tankers. 
B iologis t s are s t i l l engaged in f ie ld s tudies to obtain a deta i led pic-
ture of how the oi l pol lut ion has af fec ted the water and coast l ines, 
focusing on the status of diverse fauna, f lora and habitat s. These f ie ld 
s tudies are broken down into nine work packages which deal with the 
fol lowing: the water column and sediments in the Gulf, the shorel ine, 
f ish, mar ine mammals and sea tur t les, nearshore habitat s and commu-
nit ies, cora ls, crabs, birds, and submerged aquat ic vegetat ion. 
The extent to which biot ic communit ies and habitat s have been 
af fec ted by the disaster is, to a large extent, s t i l l unclear, for it is dif-
f icult to determine whether cer ta in types of damage to f lora and fauna 
were indeed caused by contaminants in the oi l or whether they perhaps 
predated the disaster. The problem is that the af fec ted region extends 
across f ive US states and their respect ive coast l ines and waters, cover-
ing a vast area. What ’s more, the Gulf of Mexico has never previously 
been studied as intensively as it is today. For many geographica l areas, 
or indeed for cer ta in species of f lora and fauna, no data predat ing the 
disaster are avai lable. It is a lso unclear how many larger animals were 
ki l led by the disaster. According to surveys by the US author it ies, up to 
November 2010, c leanup workers had col lec ted around 6000 dead sea-
birds, 600 sea tur t les and 100 mar ine mammals, such as seals and dol-
phins, which had washed up on the heavi ly impacted coast s of Louis i-
ana and Alabama and had apparent ly been ki l led by the oi l. However, 
according to some exper t s, the real death tol l could be up to f ive t imes 
higher. 
Fur thermore, the number of dead animals washed up a long the 
coast s has increased s ince the disaster. According to the Nat ional 
Wildl ife Federat ion, there was an average of 24 dead sea tur t le s trand-
ings annual ly from 2007 to 2009. This increased to 525 in 2011, 354 in 
2012, and more than 400 in 2013. According to the Nat ional Oceanic 
and Atmospher ic Adminis trat ion (NOAA) in the US, the number of 
dead dolphins washing up on Gulf beaches has increased from an 
annual average of 63 between 2002 and 2009 to 229 in 2010, 335 in 
2011, 158 in 2012, and more than 200 in 2013. It is too ear ly to say for 
sure what has caused the higher death tol l . Nor is i t c lear to what 
extent the oi l that gushed from the deep wel l has damaged seabed 
habitat s, but some researchers are convinced that the reproduct ion 
and growth of many benthic (bot tom-dwell ing) organisms wil l be dis-
rupted for a long t ime to come. Other sc ient is t s take the view that the 
impacts are less severe than expected because large amounts of the oi l 
were broken down by bacter ia fa ir ly quickly. Fears that the Gulf Stream 
might carry the oi l from the Gulf of Mexico a long the Flor ida coast into 
the At lant ic and perhaps even to Europe soon proved to be unfounded; 
the oi l pol lut ion remained conf ined to the Gulf of Mexico. 
1.38 > Barges lined up to seal off Lake Pontchartrain near New Orleans. 1.39 > Wind, wave action and currents caused the oil to spread.
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into law in 1990 – one year af ter the Exxon Valdez ran 
aground in Prince Will iam Sound in the Gulf of Alaska 
in March 1989, spil l ing crude oi l along a 2000 kilo-
metres st retch of coast l ine which included several bird 
sanctuaries and nature reserves. Even today, some areas 
are st i l l contaminated with oi l residues, which have bio-
degraded very slowly in Alaska’s cold temperatures. As 
a result of this disaster, the US took the init iat ive on the 
protect ion of the marine environment and adopted leg-
islat ion – the OPA – to protect its terr itorial waters, 
ahead of other countries. Under the legislat ion, ships 
entering US waters are regularly inspected, primari ly to 
ensure that they comply with safety standards and reg-
ulat ions pertaining to the adequacy of quali f icat ions 
and t raining of crew members. The OPA also estab-
l ished a double hull requirement for tanker vessels 
operat ing in US waters. Much of the OPA’s content has 
been incorporated into internat ional regulat ions as 
well, including provisions on reliable radio technology 
for onboard communicat ion and a vessel ident if icat ion 
system to enable shipping control authorit ies to check a 
ship’s course and posit ion at any t ime. 
Following a comprehensive analysis of the tanker 
incidents that occurred in the 1980s, the Internat ional 
Marit ime Organizat ion (IMO) in London adopted the 
Internat ional Management Code for the Safe Operat ion 
of Ships and for Pollut ion Prevent ion (Internat ional Safe-
ty Management Code, or ISM Code) in 1994. The devel-
opment of the ISM Code was based on the recognit ion 
that a number of serious incidents had manifest ly been 
caused by human errors by crew members. The primary 
object ive of the ISM Code is therefore to ensure the safe 
operat ion of vessels and thus protect persons on board 
ships and avoid damage to the environment. According 
to the ISM Code, ent it ies responsible for the operat ion of 
ships must ensure, among other things, that each ship is 
manned with quali f ied, cert i f ied and medically f it sea-
farers, who must undergo regular t raining to prepare 
them for emergencies, the aim being to prevent inci-
dents in future. 
Joint act ion – more effect ive than going it  alone
Despite the existence of these agreements, an effect ive 
cross-border response to marine pollut ion incidents 
involving oi l was lacking for some t ime. Granted, Bel-
gium, Denmark, France, Germany, the Netherlands, 
Norway, Sweden and the United Kingdom signed the 
Agreement for cooperat ion in dealing with pollut ion of 
the North Sea by oi l and other harmful substances 
(Bonn Agreement) in Bonn in 1969, just two years af ter 
the Torrey Canyon disaster, with the accession of the 
1.40 > The Deepwater 
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incidents.
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The MARPOL Convent ion 
The MARPOL Convent ion is an internat ional agreement which covers, 
and has done much to reduce, pol lut ion of the mar ine environment by 
ships. It was adopted by the Internat ional Mar it ime Organizat ion ( IMO) 
in 1973, and was modif ied and expanded in 1978, result ing in the desig-
nat ion MARPOL 73/78. The Convent ion consis t s of a main agreement 
and severa l annexes. The main agreement set s for th the general obl iga-
t ions under the Convent ion and def ines it s scope of appl icat ion, where-
as the technica l annexes contain c lear and deta i led provis ions on deal-
ing with sewage, garbage, oi l and noxious/harmful substances on ships. 
Annex 1, which deals with oi l, entered into force in October 1983. 
Among other things, it requires the disposal of waste oi l in approved 
shore faci l i t ies and makes double hul ls mandatory for tankers. In accord-
ance with Annex 1, crews must a lso keep an oi l record book, in which 
the tota l quant ity of oi l and oi ly water on board and the tota l content 
and ident ity of tanks must be recorded.  
European Union and other European countries fol low-
ing in 1983. However, there was an ongoing lack of 
well-coordinated cont ingency plans for a systemat ic 
response to major oi l spi l ls, and in many cases, the divi-
sion of responsibil it ies remained unclear unt i l only a 
few years ago. 
The Pallas incident is a good example. The cargo 
vessel Pallas caught f ire in the North Sea in 1998. Dan-
ish and German rescue teams evacuated the crew, but 
lef t the abandoned vessel with no one at the helm in 
rough weather. The ship drif ted out of Danish into Ger-
man terr itorial waters, but the German authorit ies were 
unable to agree which agency was responsible for the 
vessel. The Pallas f inally beached on a sandbank in Ger-
many’s Wadden Sea. Fortunately, only around 90 tonnes 
of oi l were lost , but count less seabirds were oi led and 
several square ki lometres of the Wadden Sea – an eco-
system extremely sensit ive to oi l pollut ion – were con-
taminated. As a result of the incident, Germany set up 
the Central Command for Marit ime Emergencies 
(CCME) (Havariekommando), which is responsible for 
mount ing an oi l spi l l and marine pollut ion response and 
for f ire f ight ing at sea. The CCME also directs the 
deployment of large emergency towing vessels, which 
have been stat ioned along the North Sea and Balt ic Sea 
coasts in recent years. These powerful vessels are used 
to tow disabled ships into deeper waters or to a safe hav-
en, thus prevent ing them from running aground and 
leaking oi l, as occurred with the Pallas. 
Internat ional cooperat ion is more effect ive nowa-
days as well. Various cont ingency plans are now in 
place, backed up by internat ional exercises to pract ise 
the oi l spi l l response. These take place every year over 
several days and involve as many as 50 vessels from var-
ious countries. Under the Bonn Agreement, for exam-
ple, ships from all the signatory countries come together 
for the joint Bonnex exercise in the North Sea. 
The Balt ic Sea is protected under the Helsinki Con-
vent ion, which entered into force in 2000. Under this 
Convent ion too, al l the states bordering the Balt ic Sea 
hold an oi l spi l l response exercise, known as Balex (Bal-
t ic Exercise), which takes place in summer every year in 
a dif ferent area of the Balt ic Sea. The cont ingency plans 
include provisions stat ing how informat ion is to be 
passed on, e.g. by email, radio or fax, and who is respon-
sible for decision-making. They also specify which ships 
are to be deployed and when. 
Analogous to the agreements on the North Sea and 
the Balt ic Sea, the Barcelona Convent ion deals with the 
protect ion of the Mediterranean Sea. The Barcelona 
Convent ion was signed in 1976. The Regional Marine 
Pollut ion Emergency Response Centre for the Mediter-
ranean Sea (REMPEC) was set up in Malta the same year 
and is responsible for dealing not only with oi l-related 
incidents but also with other forms of pollut ion. One of 
its primary object ives was to develop and strengthen 
the technical capacit ies of coastal states in the Mediter-
ranean region to combat oi l pollut ion. REMPEC also 
organizes exercises, albeit less regularly than in north-
ern Europe. In most cases, the exercises do not involve 
al l the Mediterranean coastal states but only those from 
a specif ic area of the Mediterranean. Workshops are 
also organized, but again, these generally target coastal 
states from a specif ic Mediterranean region, usually the 
European or Arab countries. 
As the history of oi l spi l ls shows, many of the meas-
ures described were adopted only af ter serious inci-
dents had occurred. This applies to the oi l spi l l response 
in South East Asia as well. On 7 December 2007, a drif t-
ing crane barge rammed the tanker Hebei Spirit close to 
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Taeanhaean Nat ional Park in South Korea. The tanker 
was holed and lost 11,000 tonnes of crude oi l. Within a 
matter of hours, the oi l sl ick was many kilometres long. 
It polluted the tourist beaches and contaminated mussel 
farms. According to experts, the oi l spi l l caused damage 
amount ing to around 250 mill ion Euros. Back in 1994, 
South Korea and its neighbours China, Japan and Russia 
had signed an agreement – the Northwest Pacif ic Act ion 
Plan (NOWPAP) – to protect this sea area, but a joint 
cont ingency plan was st i l l lacking. Just 11 days af ter the 
Hebei Spirit incident, nat ions took act ion: at South 
Korea’s behest , the countries concerned adopted the 
Regional Oil Spil l Cont ingency Plan. Since then, the 
countries have held various joint oi l spi l l exercises. The 
most recent, in May 2012, was organized joint ly by Chi-
na and South Korea and took place off the South Korean 
coast . 
Some of the oi l-export ing nat ions in the developing 
world have yet to achieve the same level of progress. 
This applies, for example, to the West and Central Afr i-
can countries. Although many of these countries have 
produced cont ingency plans in recent years, there is 
of ten a lack of proper coordinat ion and technical equip-
ment. According to an internat ional study, even the 
major oi l-export ing nat ions – Cameroon, Ghana, Nigeria 
and Angola – lack specialized oi l spi l l response vessels. 
Cameroon and Ghana only have small towing vessels 
and a number of booms available for use in emergencies, 
and Angola and Nigeria have no inventory of oi l spi l l 
response equipment at al l. According to the relevant 
cont ingency plans, this is to be supplied by the oi l com-
panies, i f required. This includes coastal cleanup equip-
ment, such as specialized tanker lorr ies with suct ion 
gear. In the event of an incident, dispersant spraying 
systems are to be deployed from chartered ships or heli- 
copters.
The study ident if ies a further problem: although 
many of the West and Central Afr ican countries have 
set up emergency telephone numbers, they are often not 
funct ional. Document dist r ibut ion and informat ion 
exchange between the relevant authorit ies and inst itu-
t ions are clearly dysfunct ional, too, and informat ion is 
somet imes lacking in detai l. This makes it more dif f icult 
to ensure good coordinat ion between all the various 
agencies in the event of an incident. In other countries 
in West and Central Africa, the situat ion is even more 
sobering. Six countries have no cont ingency plans at al l, 
while others lack the fundamental elements that should 
be a given in any oil spi l l response, such as a central 
emergency telephone number or radio frequency for 
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1.42 > The number  
of observed oil slicks 
in the North Sea area 
has halved since 
1990.
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report ing and alert ing. It is debatable, therefore, wheth-
er these nat ions would be able to mount an adequate 
response to a major oi l spi l l unaided.
Aerial  survei l lance stops polluters
As regards the ongoing but less visible oi l pollut ion of 
the marine environment by ships, the situat ion has 
improved in various regions of the world. Again, the 
MARPOL Convent ion has made a contribut ion here. 
MARPOL def ines seven of the world’s sea areas as “spe-
cial areas” which are provided with a higher level of 
protect ion than other areas of the sea. Only tankers 
which comply with specif ic safety standards are permit-
ted to t ransit these sea areas; these include l imits on the 
size of tanks on oi l tankers in order to minimize the 
amount of oi l that could escape in the event of an inci-
dent causing damage to the hull. The special areas are:
•	 the	Antarct ic	Area	(since	1992);
•	 the	“Gulfs”	area	(since	2008);
•	 the	Mediterranean	Sea	(since	1983);
•	 the	North	West	European	Waters/North	Sea	
 (since 1999);
•	 the	Balt ic	Sea	(since	1983);
•	 the	Black	Sea	(since	1983);
•	 the	Southern	South	African	Waters	(since	2008).
In several of these special areas, such as the Mediterra-
nean, the North Sea and the Balt ic Sea, aerial surveil-
lance has been in operat ion for many years. As oi l spi l ls 
can be easi ly detected by aircraft f it ted with special 
camera systems, vessels whose crews have cleaned out 
the tanks at sea or discharged oi l can be ident if ied very 
quickly. As causing pollut ion in the special areas results 
in cr iminal prosecut ion, aerial surveil lance has had a 
deterrent effect , result ing in a not iceable decrease in 
the number of i l legal discharges. The black lumps of oi l 
which often washed up on beaches in the 1980s are 
rarely seen in Western Europe nowadays. Furthermore, 
for some years now, efforts to detect oi l pollut ion have 
been supported by satell ite data. However, satel l ite 
images can somet imes be misleading: algal blooms are 
occasionally misinterpreted as oi l sl icks, for example. 
Many of the relevant authorit ies therefore generally 
deploy aircraft to check out pollut ion alerts. The benefit 
of satel l ite surveil lance from space, however, is that it 
provides a broad overview of large areas of the sea. In 
China and some European countries, various research 
projects are current ly under way to improve data evalu-
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1.43 > In the Baltic 
Sea, the number of 
observed oil slicks has 
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three quarters. Experts 
attribute the improve-
ment in the situation in 
Northern European 
waters to the deterrent 
effect of aerial 
surveillance, among 
other things. 
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at ion. A joint programme has also been launched in Nor-
way, involving the military, environmental agencies, 
meteorological inst itut ions and universit ies, to invest i-
gate to what extent satel l ite data can be used in the sur-
veil lance of Norway’s terr itorial waters in future.
Despite the clearly posit ive t rend in Europe, the 
number of oi l spi l ls here is st i l l relat ively high com-
pared with other regions of the world. This is due to the 
high volume of merchant shipping in this region, par-
t icularly in the English Channel, which frequent ly 
causes pollut ion incidents. Only Asia has more oi l spi l ls, 
mainly in the Strait of Malacca between Indonesia and 
Singapore. In Chinese waters, the number of oi l pollu-
t ion incidents has actually increased in recent years, 
due to the country’s economic growth and burgeoning 
exports and imports, which have resulted in a substan-
t ial increase in shipping. In the US, on the other hand, 
the amount of oi l entering the environment has 
decreased dramat ically since 1990. US authorit ies 
att r ibute this reduct ion primari ly to the str ingent provi-
sions of the Oil Pollut ion Act. 
Constraints on the oi l  spi l l  response
When crude oi l spi l ls into water, the oi l spreads out and 
forms a thin f i lm that f loats on the surface of the water. 
Depending on the temperature, the volat i le organic 
compounds (VOCs) in the oi l, such as benzene, evapo-
rate within a matter of hours. These can const itute as 
much as 30 to 50 per cent of the oi l’s original mass. 
Oxygen and ult raviolet (UV) radiat ion from the sun 
also react with the oi l, changing its chemical propert ies. 
Finally, within a few days, a dense and viscous oi l sl ick 
forms, mainly consist ing of large hydrocarbon mole-
cules. During the f irst few hours or even during the f irst 
few weeks, the oi l is modif ied by the fol lowing chemi-
cal and physical processes:
•	 evaporat ion	of	volat i le	organic	compounds	(VOCs);	
•	 spreading	of	the	spil led	oi l	in	large	oi l	sl icks	drif t ing	
on the surface waters; 
•	 format ion	 of	 dispersions (small oi l droplets in the 
water column) and emulsions (larger droplets of oi l-
in-water or water-in-oi l); 
•	 photooxidat ion (molecular changes to the oi l const it-
uents caused by natural sunlight) and solut ion.
Once the chemical and physical propert ies of the oi l 
have been modif ied, it becomes almost impossible for oi l 
spi l l control vessels to skim the oi l of f the surface of the 
water. Some of the oi l sinks to the sea f loor. For that 
reason, it is part icularly important to mount a rapid 
response whenever oi l pollut ion incidents occur. 
In Western Europe, the oi l spi l l response relies pri-
mari ly on specialized vessels equipped with devices 
known as sweeping arms. These skim the oi l/water 
mixture off the surface of the water and t ransfer it to 
storage tanks on board. Unt i l the 1990s, these vessels 
had very l imited capacity, so the tanks f i l led up very 
quickly. Over the past 15 years or so, however, many 
ships have been f it ted with oi l separators which remove 
the oi l f rom the water. The clean water is then pumped 
overboard. This has increased the vessels’ response 
capacit ies. However, there are constraints on the use of 
sweeping arms, as the slender devices cannot be 
deployed in high winds or heavy swell. German 
researchers have therefore been working on the devel-
opment of a sea swell-independent oi l skimmer (SOS) for 
some years. Suspended between the hulls of a catama-
ran, the SOS will have the abil ity to operate in storms 
and rough seas, moving into an oi l sl ick and siphoning 
the oi l f i lm off the water. 
Dispersants can also be used to prevent the forma-
t ion of an oi l sl ick. These substances break up oi l sl icks 
in accordance with the same principle by which wash-
ing-up l iquid dissolves residual grease from food. Dis-
persants contain surfactants, whose molecules have a 
l ipophil ic and a hydrophil ic end. They work by bonding 
to the oi l molecules and separat ing them from water 
molecules – thus breaking up an oi l sl ick into small 
droplets, which they then surround and isolate. Experts 
cal l these droplets “micelles”. The advantage is that bac-
teria can break down the numerous small micelles 
much more easi ly than a large sl ick. Chemical disper-
sants were used in very large quant it ies af ter the Deep-
water Horizon explosion. They were sprayed on the sur-
face from aircraft but were also used deep underwater 
on the sea f loor, where they were mixed with the oi l 
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emerging from the well. According to cr it ics, the use of 
dispersants is problemat ical because some surfactants 
are toxic. Proponents of dispersant use, on the other 
hand, argue that surfactants are very heavily di luted in 
water and therefore pose no threat to marine l i fe. For 
the advocates of dispersant use in oi l-spi l l response, the 
benefits far outweigh the potent ial environmental r isks. 
There are l imits, however, to dispersant use as well. 
It is almost impossible to spray them on target during 
storms, when aircraft are often grounded anyway.
Even today, the response to major oi l spi l ls can 
never be ent irely sat isfactory. In the view of oi l spi l l 
response experts, prevent ion is therefore the best st rat-
egy. Seaways with modern t raff ic control systems and 
well-t rained marit ime pilots who can play a monitoring 
role are part of a prevent ive approach. Ship owners must 
also ensure that their vessels are seaworthy and 
equipped with appropriate technology and that crew 
members are properly quali f ied. 
Coasts at  r isk
 
Oil is a naturally occurring mix of hydrocarbons which 
is broken down by bacteria in a biological process. 
These bacteria are part icularly act ive under the fol low-
ing condit ions: 
•	 high	temperatures,	promot ing	bacterial	act ivity;	
•	 a	large	surface	area	(i f	necessary,	the	surface	area	of	
the sl ick can be increased through the use of disper-
sants which promote the format ion of dispersions);
•	 a	good	oxygen	supply;
•	 a	good	supply	of	other	key	nutrients;
•	 a	 low	 number	 of	 predator	 organisms	which	would	
reduce the number of bacteria.
As the breakdown of oi l by bacteria is much slower at 
lower water temperatures, oi l disasters in cold-water 
areas are part icularly devastat ing. For example, oi l resi-
dues from the Exxon Valdez tanker disaster are st i l l 
present in the shoreline strata of Prince Will iam Sound, 
where they can be found at many dif ferent sites. In 
some cases, the oi l has penetrated several cent imetres 
below the surface. 
How long does it take for an oi led coast l ine to re- 
cover? This depends on the type of shoreline. Exposed 
rocky and sandy shores with strong surf and wave 
act ion generally recover within a few months or, more 
1.45 > During an oil 
spill exercise off Hel-
sinki, the multipur-
pose vessel Hylje uses 
a sweeping arm to 
capture foam that is 
specially designed to 
simulate an oil slick.
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1.46 > For a month after the Deepwater  
Horizon disaster, droplets of oil accumulated 
along the beach at Grand Terre Island on  
the Louisiana coast.
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rarely, within a few years. Sandy beaches are affected to 
varying degrees. Coarse-grained sand faci l itates oi l 
penetrat ion, slowing the breakdown of the oi l. Again, 
beaches with heavy surf generally recover more quickly 
than extensive beaches with l it t le wave act ion. 
Oil pollut ion is part icularly problemat ical in man-
grove forests, which are unique, species-r ich habitats. 
Covered in oi l, the vegetat ion dies, destroying the habi-
tats of many other species of f lora and fauna. What’s 
more, oi l penetrates to great depths in the soft sedi-
ments of mangrove forests and remains in the ground 
for long periods. Salt marshes are similarly af fected: 
here too, the vegetat ion forms characterist ic and rare 
habitats for very well-adapted f lora and fauna. These 
ecosystems are lost when oil ki l ls off the vegetat ion. 
Oil pollut ion also poses a part icular threat to soft 
substrates and sandbanks, such as those found in the 
Wadden Sea on the North Sea coast . Here, most organ-
isms l ive in or on the sea f loor and are therefore part icu-
larly at r isk from oil sl icks. Mangroves, salt marshes and 
soft substrates take at least two years, and somet imes 
more than 20 years, to recover from oil pollut ion. For 
such sensit ive habitats, even smaller oi l spi l ls can 
become a very serious problem. 
According to environmentalists, there is a special 
threat to the Arct ic waters, due to the Arct ic nat ions’ 
plans to carry out oi l dri l l ing here in future. Russia and 
the US, in part icular, have ambit ions to develop the oi l 
and gas reserves in their northern regions. But develop-
ing these reserves is l ikely to pose major challenges. 
Drif t ice could destroy dri l l ing and product ion r igs, and 
tankers could be wrecked in the ice. 
When Shell Oil Company began test dri l l ing in Alas-
ka in 2012, for the f irst t ime in 20 years, it faced mas-
sive protests from environmental groups. They warned 
about the part icular r isks posed by dri l l ing in sea ice, 
the possibi l ity of tanker incidents, and the l ikely 
impacts of an oi l disaster. 
Much of the Arct ic is st i l l a natural habitat with 
unique and largely untouched ecosystems, which could 
be massively damaged by oi l – not least because an 
effect ive oi l spi l l response is almost impossible to mount 
in an icy environment, and because the oi l would bio- 
degrade very slowly in the region’s very cold tempera-
tures. And indeed, the dri l l ing programme was beset by 
problems. Equipment was damaged by the ice, and a 
dri l l ing r ig, Kulluk, ran aground. After the project came 
under severe crit icism in an off icial report in the US, 
Shell cancelled its 2013 dri l l ing programme. Among 
other things, the report drew attent ion to the inade-
quate safety standards for Arct ic dri l l ing.
In spring 2013, Shell signed a memorandum on 
cooperat ion with the Russian energy company Gaz-
prom, focusing on hydrocarbon explorat ion and devel-
opment on Russia’s Arct ic shelf. Crit ics fear that safety 
standards will be even lower here, and are warning 
about the r isk of a major oi l disaster. It is dif f icult to pre-
dict the future of oi l explorat ion and development in the 
Arct ic regions of the US, where industry and environ-
mental organizat ions are current ly at loggerheads over 
the level of protect ion that should be afforded to the 
Arct ic. Industry associat ions warn that excessively 
st r ingent safety regulat ions will make the development 
of an oi l industry economically non-viable, whereas 
environmental groups are call ing for a total ban on oil 
product ion in the Arct ic. Experts take the view that oi l 
companies in the US will cont inue to have their sights 
f irmly f ixed on the Arct ic’s oi l reserves, and that US 
companies will step up their ef forts to exploit these 
resources as soon as other countries, but part icularly 
Russia, discover major oi l reserves in their exclusive 
economic zones. 
Should coasts be protected or abandoned?
Major incidents often result in the format ion of massive 
oi l sl icks, extending for hundreds of ki lometres. In 
these situat ions, it is impossible to protect the ent ire 
coast l ine. The response must therefore focus on the 
most important and sensit ive st retches of shoreline. Pro-
tect ing nature reserves or habitats for rare fauna and 
f lora is regarded as a priority, and economically impor-
tant zones, such as aquaculture faci l it ies, should also 
take precedence. Sensit ivity maps now exist for many 
regions of the world. They provide detai led informat ion 
about the oi l pollut ion sensit ivity of various st retches of 
coast l ine, and ident ify the species of f lora and fauna 
occurring there. Key factors are species’ rarity, the level 
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of r isk posed to them by oil pollut ion, and how likely it 
is that species would die out locally in the event of an oi l 
pollut ion incident. Often, it is not the seabirds or marine 
mammals which are most at r isk, but rare species of 
plant or insect . All this informat ion is also used to pre-
pare cont ingency plans. Response teams are now sup-
ported by computer programs which provide access to 
databases containing sensit ivity data. This informat ion 
can be l inked with up-to-date meteorological data to cal-
culate the route of the oi l sl ick and the extent to which 
important areas will be affected. In this way, response 
teams can direct oi l spi l l response vessels to areas in 
part icular need of protect ion or ensure that booms are 
set up to defend them. 
The effects of oi l  on f lora and fauna
After numerous oi l pollut ion incidents, we now have 
very detai led informat ion available about the effects of 
oi l on f lora and fauna. The most obvious effect is the 
damage caused to seabirds’ plumage. As a result of oi l 
contaminat ion, the plumage can no longer perform its 
vital funct ions of repell ing water and providing thermal 
insulat ion. As a result , the bird loses body heat and dies. 
A similar ef fect can be observed in marine mammals, 
such as otters, which can die of cold i f their fur is coated 
with oi l. Furthermore, birds and mammals often ingest 
oi l when they attempt to clean their oi l-coated feathers 
or fur, and this can poison them. Fish absorb toxic 
hydrocarbons through their skin and gi l ls. In plants, oi l 
contaminat ion interrupts gas exchange through the 
leaves and nutrient t ransfer by the roots, which causes 
the plant to die. 
Fi lter feeders such as mussels and other organisms 
often ingest oi l a long with their food. The toxic hydro-
carbons in the oi l and the clogging up of their internal 
f i lt rat ion systems generally ki l l them very quickly. If 
the mussels survive, the toxins can be passed along the 
food chain when the contaminated mussels are eaten. 
The effects of the toxic hydrocarbons vary from species 
to species. Experiments with crab or mussels show that 
it is mainly their metabolic processes and growth which 
are impaired. In other organisms, reproduct ion is 
adversely affected. Poisoning by oi l can cause genet ic 
damage: in herring, for example, numerous freshly 
hatched progeny were malformed. Furthermore, many 
marine fauna lose their sense of direct ion, as many of 
them use very f ine concentrat ions of certain substances 
in the water as a means of f inding their way around 
their environment. This is disrupted by certain hydro-
carbons, making it more dif f icult them to forage or iden-
t i fy partners for reproduct ion. 
1.47 > Seabirds are 
among the most 
obvious victims of oil 
spills. This heron was 
completely coated in 
oil from Deepwater 
Horizon. 
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Conclus ion
Less marine oi l  pol lut ion –  
despite growing energy demand  
The internat ional debate about cl imate change and 
carbon dioxide emissions notwithstanding, our 
energy consumption is increasing year by year. 
Global energy demand has doubled since the early 
1970s and is l ikely to grow by a further one-third 
by 2035. The world’s insat iable energy hunger is 
mainly caused by populat ion growth in Asia and 
ongoing industr ial izat ion in the emerging econo-
mies.
Even with the expansion of renewables, 
experts predict that fossi l fuels – coal, oi l and gas – 
will cont inue to provide most of our energy. 
Whereas there is enough coal and gas to meet 
demand well beyond the end of this century, oi l 
product ion is l ikely to decrease by 2050. Many 
coal and gas deposits onshore and in shallow 
marine waters are almost completely depleted. Ter-
t iary recovery techniques, which involve pumping 
hot water or polymers into the reservoirs to extract 
the remaining oi l, are now being employed in an 
attempt to increase yields.
 The industry is also moving into ever deeper 
waters. Although deep-water gas and oil extract ion 
is around four t imes more expensive than shal-
low-water product ion, r ising oi l prices are making 
it more economically viable. Oil is now being 
extracted at depths of more than 2900 metres 
below the surface of the sea, and the water depth 
record for subsea gas product ion is current ly 
around 2700 metres. 
Various types of plat form are used by the oi l 
and gas industry. Dri l l ing operat ions generally 
involve the deployment of specialized dri l l ing r igs, 
which are then replaced with product ion r igs once 
dri l l ing is complete. In many regions today, pro-
duct ion systems are also being instal led direct ly 
on the sea f loor. These subsea systems involve the 
use of compressors, pumps and power supply 
modules in a single seabed faci l ity. 
As the blowout at the Deepwater Horizon dr i l l-
ing r ig in the Gulf of Mexico in 2010 showed, oi l 
product ion at great depths presents part icular chal-
lenges. In the case of this part icular blowout, it 
took a full three months to cap the f low of oi l f rom 
the seabed. Oil disasters on this scale are a t rage-
dy. Thankfully, however, such large-scale inci-
dents, or indeed tanker disasters, now account for 
just 10 per cent of marine oi l pollut ion in an aver-
age year. 
A much greater problem is the ongoing marine 
pollut ion that t ravels along less obvious pathways 
– in other words, the chronic contaminat ion of the 
marine environment from numerous smaller sourc-
es, such as oi l discharges from shipping as a result 
of i l legal tank cleaning or carelessness during load-
ing. But as the European countries have demon-
strated, pollut ion incidents of this kind can be 
reduced with intensive aerial surveil lance of coast-
al waters. 
The good news is that marine oi l pollut ion has 
decreased worldwide in recent decades. Interna-
t ional convent ions and agreements on the protec-
t ion of the marine environment have made a very 
signif icant contribut ion here, for example by intro-
ducing a mandatory requirement for double hull 
tankers.
 Surveil lance of seaways has also improved 
dramat ically, thanks to better radar technology 
and vessel ident if icat ion systems. And many coun-
tr ies have adopted detai led cont ingency plans for 
an organized and internat ionally coordinated oi l 
spi l l response. 
Despite this posit ive t rend, the amount of oi l 
entering the oceans every year – around one mil-
l ion tonnes at present – is st i l l far too high, with oi l 
cont inuing to contaminate count less marine habi-
tats and organisms. 
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   > Diamonds, gravel  and sand have been ex t rac ted f rom coasta l  waters for dec-
ades .  To meet the growing demand for meta ls ,  there a re plans to mine the ores found in the form of 
manganese nodules ,  cobalt  c rus t s and massive sulphides at  depths of up to 4000 met res .  I f  and when 
such sea-f loor mining is to s ta r t  wil l  depend on meta l  pr ices on global market s .  Working in deep water 
is  s t i l l  uneconomic ,  and no appropr iate mining equipment is  available yet .
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Ore, mica,  sand and gravel
The manufacture of many high-tech applicat ions and 
modern mass-produced electronic products such as 
photovoltaic instal lat ions, hybrid cars and smartphones 
requires abundant mineral resources. These resources 
include mineral ores from which metals such as copper, 
nickel, indium and gold are extracted, as well as non- 
metall ic industr ial minerals such as f luorite, graphite 
and mica. 
Mica is ut i l ized among other things as an insulator 
in t iny components for the microelectronics industry, 
and graphite is required for electrodes. Fluorite is used 
in the product ion of hydrof luoric acid to cauterize steel 
and photovoltaic components. Sand, gravel and stone for 
the building industry are also considered to be mineral 
resources. 
Nearly al l the mineral resources used today are 
derived from onshore deposits. Depending on the depos-
it concerned, these are extracted from underground 
mines or open-cast mines using enormous excavators 
and wheel loaders. Sand and gravel are the except ion, as 
these have for some t ime now been exploited not only 
onshore but also from shallow marine areas. 
For several decades we have also been aware of the 
presence of major occurrences on the sea f loor which 
consist of many mill ions of tonnes of valuable metals. 
These have so far remained unut i l ized because onshore 
product ion has been capable of sat isfying demand. In 
addit ion, deep ocean mining is st i l l uneconomic because 
of the expense involved in harvest ing the ores using 
ships and underwater robots. Unlike t radit ional onshore 
mining, the extract ion technology has not yet been 
developed.
Fear of supply shortages
Experts assume that , despite steadily increasing de- 
mand, the onshore deposits wil l in most cases cont inue 
to sat isfy our growing appet ite for metals and minerals. 
They do predict future shortages of some resources, 
however. 
For instance, those resources which are available or 
mined in only small amounts – such as ant imony, ger-
manium and rhenium – could become scarce, part ial ly 
as a result of the growing needs of the BRIC countries 
(Brazil, Russia, India and China). 
To compare, about 20 mill ion tonnes of ref ined cop-
per were produced worldwide in 2012, but only 128 
tonnes of germanium. 
Germanium is used for the radio technology in 
smartphones, in semi-conductor technology and in thin-
f i lm solar cells. There are concerns, part icularly among 
the leading industr ial ized nat ions, that the supply of 
such signif icant industr ial resources could become 
more precarious in coming decades. The fol lowing are 
some of the factors on which supply depends: 
Resources  for  the world
   > At present almost al l  the metals and industr ial  minerals uti l ized to manu- 
facture consumer goods and machinery are extracted from onshore resources.  In an effort  to become 
independent of imports and safeguard themselves from future supply shortages,  some countr ies are 
contemplating mining such resources from the ocean. But underwater mining is st i l l  too expensive 
and there is  uncertainty about i ts  environmental  impact.
Rare ea r th meta ls 
Rare ear th metals are a set of 17 chemical elements which appear in the 
per iodic table and which have s imilar proper t ies. The unusual name 
stems from the fac t that these metals used to be extrac ted from minera ls 
(“ear ths”) which were considered very rare. In real ity, however, many of 
the rare ear th metals occur frequent ly in the Ear th’s crust . On the other 
hand, there are few large deposit s containing high concentrat ions of 
these elements. The largest occurrences are found in China, par t icular ly 
in Inner Mongolia. Rare ear th metals are used in many key technologies. 
They are needed for permanent magnets in magnet ic resonance imaging 
(MRI ), in the generators of wind turbines and for the product ion of 
accumulators, LEDs and plasma screens. 
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•	 Rising	 demand	 due	 to	 new	 developments:	 Some	
innovat ion researchers predict that the need for cer-
tain metals wil l increase signif icant ly in the years 
to come as a result of new technological develop-
ments. Rare earth metals, for example, are elements 
which could be required in rapidly increasing quan-
t it ies in future for the construct ion of engines for 
electr ic cars and generators in wind turbines. 
•	 Rising	 demand	 and	 compet it ion	 as	 a	 result	 of	 eco -
nomic growth in the BRIC countries and emerging 
markets, as well as st rong growth in the global pop-
ulat ion.
•	 Limited	 availabil ity:	 Many	 resources	 are	 by-prod-
ucts of the extract ion of other metals. For instance, 
both germanium and indium – which is vital for the 
manufacture	 of	 LCD	 displays	 –	 are	 by-products	 of	
lead and zinc mining. They occur in only small 
quant it ies in the lead and zinc deposits. In order to 
extract more germanium and indium, lead and zinc 
product ion would have to increase substant ial ly. 
This would be uneconomic, however, because the 
demand for lead and zinc is not high. 
•	 State	 monopolies:	 Many	 important	 industr ial	
resources are found in only a few countries or are 
current ly produced by only a few. These nat ions 
have an effect ive monopoly. For instance, China 
accounts for 97 per cent of the worldwide produc-
t ion of rare earth metals. Current ly it is also the 
most important producer of other resources. Import-
ing nat ions are concerned that China, or other 
nat ions, could restr ict the availabil ity of these 
resources by imposing high tari f fs or other econom-
ic measures. The situat ion is aggravated by the fact 
that modern high-tech industr ies require resources 
of extra high quality or high purity. In many cases 
these, too, occur in only a few regions of the world. 
•	 Oligopolies	as	a	result	of	industry	concentrat ion:	In	
some cases resources are mined by only a handful of 
companies. Compet it ion for some resources has 
intensif ied even more in recent years due to major 
resource companies having bought out smaller ones.
•	 Polit ical	 situat ion:	 Supplies	 from	 polit ical ly	 fragi le	
states	are	also	fraught	with	problems.	One	example	
is the Democrat ic Republic of the Congo which gen-
2.1 > Mineral ores  
for metal production 
are extracted from 
huge open-cast mines 
such as the Dexing 
copper mine near the 
eastern Chinese city 
of Shangrao. The 
excavators are 
working their way 
deep into the earth.
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2.2 > Many metals 
today are mined in 
only a few countries, 
with China leading. 
The data originate 
from a comprehensive 
analysis of resources 
carried out in 2010, 
since when the 
situation has not 
changed significantly. 
No reliable figures  
are available for 
gallium or tellurium. 
Leading metal  producers and their  percentage of world production
Elements Largest producer Second largest producer Third largest producer Application
Aluminium (Al) Australia 31 %  China 18 % Brazil 14 % Vehicle bodies,  
consumer goods
Antimony (Sb) China 84 %  South Africa 2.6 % Bolivia 2.2 % Flame retardants, electronic 
components, consumer goods
Arsenic (As) China 47 % Chile 21 % Morocco 13 % Semi-conductors, solar cells, 
optical components
Cadmium (Cd) China 23 % Korea 12 % Kazakhstan 11 % Accumulators, pigments, 
solar cells
Chromium (Cr) South Africa 42 % India 17 % Kazakhstan 16 % Stainless and heat-resisting 
steels
Cobalt (Co) Democratic Republic of 
the Congo  40 %
Australia 10 % China 10 % Wear- and heat-resisting 
steels
Copper (Cu) Chile 34 % Peru 8 % USA 8 % Electric cable, electric motors, 
building industry
Gallium (Ga) China Germany Kazakhstan LEDs, solar cells
Germanium (Ge) China 71 % Russia 4 % USA 3 % Smartphones, solar cells
Gold (Au) China 13 % Australia 9 % USA 9 % Investment, jewellery,  
electrical industry
Indium (In) China 50 % Korea 14 % Japan 10 % Displays, alloys, photovoltaics
Iron (Fe) China 39 % Brazil 17 % Australia 16 % Steel, industrial magnets
Lead (Pb) China 43 %  Australia 13 % USA 10 % Radiation shielding, batteries, 
metal working
Lithium (Li) Chile 41 % Australia 24 % China 13 % Accumulators, aviation- and 
space technology
Manganese (Mn) China 25 % Australia 17 % South Africa 14 % Stainless steel, LEDs
Molybdenum (Mo) China 39 % USA 25 % Chile 16 % Steel
Nickel (Ni) Russia 19 % Indonesia 13 % Canada 13 % Corrosion protection, 
corrosion-proof steels
Niobium (Nb) Brazil 92 % Canada 7 % – Stainless steels, jewellery
Palladium (Pd) Russia 41 % South Africa 41 % USA 6 % Catalysts (chemical industry), 
jewellery
Platinum (Pt) South Africa 79 % Russia 11 % Zimbabwe 3 % Catalytic converters, jewel-
lery, metal coatings
Rare earth metals China 97 % India 2 % Brazil 1 % Permanent magnets,  
accumulators, LEDs
Selenium (Se) Japan 50 % Belgium 13 % Canada 10 % Semi-conductor and steel 
production, fertil izers
Silver (Ag) Peru 18 % China 14 % Mexico 12 % Investment, jewellery,  
chemical industry (catalysts)
Tellurium (Te) Chile USA Peru Stainless steels, semi- 
conductors, photo diodes
Tin (Sn) China 37 % Indonesia 33 % Peru 12 % Component of bronze, LEDs, 
displays
Vanadium (V) China 37 % South Africa 35 % Russia 26 % Steel alloys, cladding for 
nuclear fuel rods
Zinc (Zn) China 25 % Peru 13 % Australia 12 % Corrosion protection, batte-
ries, construction industry
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How much meta l  does the ore conta in?
As a general rule metals are extrac ted from minera l ores. In many cases 
these are not present as pure metal, but in the form of compounds which 
contain both the metal sought and a range of other chemical elements. 
One example is copper. Copper ore does not contain pure copper, but 
either a copper-sulphur-iron compound (chalcopyr ite) or a copper-sul-
phur compound (chalcocite) . The metal must f irs t be separated from 
such minera ls by means of mult i-s tep metal lurgic processes. In many 
cases these processes are so complicated that they account for up to 30 
per cent of the metal pr ice. The metal recovered is descr ibed as “ref ined 
copper”. Minera l ores, therefore, are made up of a combinat ion of dif-
ferent substances and contain only a cer ta in amount of metal. In most 
cases copper ores contain between 0.6 and 1 per cent of copper. Conse-
quent ly one tonne of ore generates a maximum 6 to 10 ki lograms of 
copper. In the case of plat inum the yield is much lower: 1 tonne of ore 
usual ly contains between 3 and 6 grams of plat inum. Nonetheless it is 
s t i l l wor thwhile mining because the plat inum pr ice is high. In 2013 the 
pr ice per gram was around 35 Euros.
erates 40 per cent of worldwide cobalt product ion, 
but which has been destabil ized by many years of 
civi l war. 
The availabil ity of a resource to a country or company 
does not depend alone on the size of worldwide depos-
its, therefore, but on a combinat ion of factors which 
determines	the	price.	Of	course,	the	price	is	also	affect-
ed by the situat ion on the resource markets. For instance 
as demand for a resource grows, so does its price. In 
other cases resources may increase in price as a result 
of	 speculat ion	 alone,	 because	 markets	 overreact .	 One	
example here was the huge price hike of copper and 
other resources af ter 2006 when China snapped up 
major quant it ies of resources. At that t ime there could 
be no quest ion of scarcity, however. 
Measuring uncertainty
Experts are t rying to assess the certainty of future 
resource supplies. They take state and corporate monop-
olies into account on the one hand, and the polit ical 
situat ion in the prospect ive mining areas on the other, 
to produce a “weighted country r isk”. 
This weighted country r isk is ascertained on the 
basis of 6 cr iteria (indicators) against which the govern-
ance and prevail ing polit ical situat ion of individual 
states are measured. These indicators have been def ined 
by the World Bank as fol lows:
•	 Voice	 and	 accountabil ity:	 measures	 percept ions	 of	
the extent to which a country’s cit izens are able to 
part icipate in select ing their government, as well as 
freedom of expression, f reedom of assembly and a 
free media;
•	 Polit ical	stabil ity	and	absence	of	violence:	measures	
percept ions of the l ikelihood of a government being 
destabil ized by violence, polit ical violence or terror-
ism;
•	 Government	effect iveness:	measures	 the	quality	of	
public services, the civi l service and the degree of 
its independence from polit ical pressures;
•	 Regulatory	 quality:	 measures	 percept ions	 of	 the	
abil ity of the government to formulate and imple-
ment sound policies and regulat ions that permit and 
promote private sector development;
•	 Rule	of	 law:	measures	percept ions	of	 confidence	 in	
and adherence to the rules of society, and in part icu-
lar the quality of contract enforcement and property 
r ights. It a lso measures the quality of the police and 
the courts, as well as the l ikelihood of cr ime and 
violence;
•	 Control	 of	 corrupt ion:	measures	 percept ions	 of	 the	
extent to which public power is exercised for private 
gain, including both petty and grand forms of cor-
rupt ion, as well as the inf luence of el ites and private 
interests.
Numeric values are assigned to the 6 indicators, and 
these are total led to reveal country r isk values between 
+1.5	 and	 –1.5.	 Values	 above	 0.5	 indicate	 a	 low	 risk,	
between –0.5 and +0.5 a moderate r isk, and those 
below –0.5 are considered crit ical. 
Economists are using the Herf indahl-Hirschman 
Index (HHI), a measure of market concentrat ion, as they 
attempt to assess the extent to which resource supply is 
inf luenced by state or corporate monopolies. This math-
emat ically determined index considers the number of 
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companies compet ing in the market and their market 
shares, f rom which they can calculate the degree of con-
centrat ion of that market. In terms of f igures, the Her-
f indahl-Hirschman Index ranges between the highest 
value 1 where there is only one market part icipant 
(indicat ing a monopoly), and the lowest value 0, which 
is achieved when (theoret ical ly) an inf inite number of 
part icipants have the same market share. For pract ical 
reasons the values are mult iplied by 10,000 to effect ive-
ly remove the decimal point. 
Accordingly, a resource market with an HHI below 
1500 is considered “unconcentrated”. Above 2500 it is 
seen as “highly concentrated” or monopolized, and val-
ues in between indicate that a market is “moderately 
concentrated”. 
If the resources are assessed according to both the 
weighted country r isk and the HHI at the same t ime, 
they can be classif ied into 3 dif ferent r isk groups: low 
risk, moderate r isk and high r isk resources. Copper is 
considered a low risk resource. It has a low country r isk 
value and at the same t ime low corporate and country 
concentrat ion rat ios. This is because copper is produced 
in polit ical ly stable countries, by a range of dif ferent 
companies. 
Rare earth elements and the metalloid ant imony are 
considered extremely high r isk resources. Deposits 
with a high content of ant imony are found mainly in 
China, which supplies about 84 per cent of global pro-
duct ion. The Herf indahl-Hirschman Index value is cor-
respondingly high. Ant imony is used for touchscreens 
and micro-electronic components; it is also very much 
in demand as a f lame retardant for f ire-resistant cloth-
ing and plast ics. 
How long wil l  resources last?
Calculat ing the supply r isk can naturally provide only a 
snapshot of the current situat ion. It does not tel l us just 
how long we can expect the resources to be available in 
future. 
Geoscient ists are t rying to answer this quest ion by 
gauging the reserves and resources of the various sub-
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2.3 > The security of 
individual resource 
supply is ascertained 
by looking at the re-
liability of exporting 
nations (weighted 
country risk) and the 
monopolization of 
individual resource 
markets. This diagram 
considers state mo-
nopolies in particular 
(country concen-
tration). Resources 
which are considered 
safe (low risk) are 
highlighted in green, 
those at moderate risk 
in yellow, while those 
with an insecure 
supply situation (high 
risk) are highlighted 
in red.
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stances. Essent ial ly we know where certain ores can be 
ant icipated, because resources usually occur in charac-
terist ic geological format ions, the worldwide dist r ibu-
t ion of which is relat ively well known.
Plat inum	for	example	occurs	mainly	in	the	Bushveld 
Complex of South Africa in a layered igneous intrusion. 
This is a layer of rock caused by magmat ic act ivity 
which	has	penetrated	the	adjacent	rock	strata.	Plat inum	
in such intrusions is also found in some other regions 
of the world. However, the plat inum content of the ores 
is in many cases so minimal that extract ion is not pro- 
f itable.
Ground surveys, geological and geophysical analy-
ses and test dri l l ing must be undertaken before it is pos-
sible to ascertain whether metals occurring in a geolog-
ical format ion are concentrated enough to be considered 
a deposit . 
No such test ing has as yet been carr ied out in many 
regions of the world because the explorat ion of new 
deposits in unknown terrains is extremely expensive 
and complicated. For this reason interest has mainly 
been focused on areas in the vicinity of known occur-
rences. Major t racts of Australia, Canada, South Ameri-
ca and West Africa remain largely unexplored. Assess-
ing worldwide occurrences is therefore a very unreliable 
undertaking.	 Occurrences	 are	 classed	 into	 dif ferent	 
categories, depending on the extent to which an area of 
land has been sampled or developed:
•	 RESERVES:	 Reserves are occurrences of resources 
which have already been proven and their extrac-
t ion is economically feasible using current tech- 
nology.
•	 RESOURCES:	 An	 occurrence	 is	 described	 as	 a	
resource when its metal content and volume have 
not yet been proven by sampling, or when its extrac-
t ion and processing are economically unfeasible. 
One	example	is	nickel laterite ore, a special type of 
nickel ore found in the residual soi ls of t ropical and 
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2.4 > Mineral 
resource deposits are 
classified in different 
categories, depending 
on how well-known  
or sampled they are. 
Whether the resources 
can be extracted  
is another factor 
considered.
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sub-t ropical areas. Unt i l the 1950s there was no 
economically-feasible industr ial process to separate 
the nickel f rom the ore. The occurrences, although 
well-known, could not be ut i l ized. The laterites 
were	therefore	ranked	as	resources.	Once	an	appro -
pr iate metallurgical process was developed, they 
became an exploitable reserve. Today about 50 per 
cent of the nickel produced worldwide comes from 
such laterit ic deposits. 
Unlike natural gas and oil, metal reserves and resources 
are further sub-classif ied according to the extent to 
which they have been sampled. The economic feasibi l i-
ty of their extract ion is also taken into account.
In view of the major areas of land worldwide which 
have not yet been properly sampled, geoscient ists 
assume that many as-yet-undiscovered deposits exist 
and that these will theoret ical ly be capable of meet ing 
the growing need for mineral resources in the future. 
But it is debatable whether major underground or open-
cast mines will be developed onshore, because of their 
drast ic intervent ion in landscapes. 
Many stretches of land have been completely t rans-
formed	 over	 past	 decades	 as	 a	 result	 of	mining.	 People	
have lost their homes and important ecosystems have 
been destroyed. Copper mining was responsible for the 
enormous craters in the ground in South America. In 
Brazil large t racts of rainforest were destroyed by the 
open-cast mining of bauxite, another residual soi l f rom 
which aluminium is extracted. Any expansion of 
onshore mining is therefore viewed with a great deal of 
scept icism. 
Recycl ing rather than discarding?
An alternat ive to intensif ied ore mining could in future 
be the recycling of valuable resources. Just as alumini-
um and steel are already being melted down and repro-
cessed on a grand scale, other resources too could be 
recovered from waste and electronic scrap. 
2.5 > Bauxite is 
extracted mainly in 
open-cast mines.  
A specialized machine 
like this one removes 
800 tonnes per hour. 
Bauxite is primarily 
used to manufacture 
aluminium.
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However, electronic waste is processed by only a 
few companies worldwide, which mainly recover cop-
per, si lver, gold and plat inum. 
From a process engineering point of view it would 
also be feasible, for instance, to recycle indium t in oxide 
f i lm from smartphone screens. As yet , however, no 
industr ial faci l ity has yet been designed for rout ine pro-
cessing. 
Not only are discarded smartphones and computers 
of interest for recycling: waste also accumulates during 
product ion. Yet because processes for t reat ing the waste 
and extract ing the substances are lacking, the electron-
ics industry can return only a port ion of its waste into 
the	product ion	process.	A	process	for	gall ium	from	LEDs	
would be highly desirable, for example.
Collect ion systems for end-of-l i fe products and pro-
duct ion waste are also lacking. Recycling is further 
complicated by the fact that a product may contain only 
t iny amounts of certain metals, making it scarcely 
worthwhile to reprocess. Experts are t rying to create 
new methods to improve the ident if icat ion and separa-
t ion of the various processed substances.
Microchips and other microelectronic components 
in which a range of dif ferent substances are effect ively 
fused together present a part icular challenge. Because 
most electronic scrap cannot be recycled, many indus-
t r ial ized nat ions export it into developing and newly 
industr ial izing countries as waste. In some cases it is 
st i l l being t ransported i l legally overseas. Companies 
involved in such act ivity claim to recycle the scrap and 
are paid accordingly. But instead of recycling it in a 
technically complex manner, they save money by 
export ing it . 
For this reason specialists are discussing the fol low-
ing measures and suggest ions for the future recycling of 
metals:
•	 The	development	 of	new	systems	 to	 recover	 indus-
t r ial product ion waste;
•	 The	introduct ion	of	recycling	bins	for	private	house -
holds;
•	 The	priority	development	of	recycling	processes	for	
metals at a high r isk of shortages (country r isk, 
country concentrat ion);
•	 The	creat ion	of	economic	 incent ives	to	spur	a	 func-
t ioning recycling market which specializes in 
resources from consumer goods, end-of-l i fe vehicles 
and electronic scrap.
Could sea-f loor mining be the answer?
To make future resource supplies more secure, sea-f loor 
mining could offer many states and companies a poten-
t ial alternat ive, for both economic and geopolit ical rea-
sons. It would avoid the land-use conf l icts which under-
ground and surface mining bring in their wake, and 
could also help many nat ions without resource reserves 
to become a l it t le less dependent on the export ing 
nat ions. 
In principle there are two scenarios where sea-f loor 
mining is concerned: mining within the terr itorial 
waters of a nat ion, and mining in the deep sea which is 
considered a common heritage of mankind and a 
resource to be shared among all nat ions. 
Nat ion states are responsible for regulat ing the min-
ing act ivity in their own sovereign terr itory. In the case 
of the deep sea, however, the central authority is the 
Internat ional Seabed Authority (ISA), which grants 
l icences for specif ic areas.  The ISA is based in Kingston, 
Jamaica.
2.6 > A worker in a 
recycling factory in San 
José, Costa Rica, sorts 
tin cans from which alu-
minium is recovered. 
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2.7 > Electronic components such as chips with  
electronic circuits contain very small amounts of 
various metals. Recycling is extremely difficult as 
the metals are virtually fused together.
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In part icular the ISA ensures that the future prof its 
gained from deep-sea mining act ivit ies are shared equi-
tably. The object ive is to prevent a situat ion occurring 
whereby only r ich nat ions have access to promising 
resources. 
The Internat ional Seabed Authority has already 
assigned numerous l icensed areas to several states for 
explorat ion purposes; as yet they may only explore – 
not exploit . To date no actual mining has been carr ied 
out anywhere because the f inal set of rules governing 
the act ivity is st i l l being debated. The ISA plans to 
establish the legal condit ions for such seabed mining by 
2016. 
As far as sea-f loor mining is concerned, interest is 
focused on 3 main types of resource deposit which con-
tain dif ferent valuable metals:
•	 MANGANESE	 NODULES:	 Manganese nodules are 
lumps of minerals ranging in size between that of a 
potato and a head of lettuce. They cover enormous 
areas	of	the	seabed	of	the	Pacif ic	and	Indian	Oceans.	
They are composed mainly of the chemical elements 
manganese, iron, copper, nickel and cobalt along 
with other substances such as molybdenum, zinc 
and l ithium. Manganese nodules are most ly found 
at depths below 3500 metres.
•	 COBALT	CRUSTS:	Cobalt crusts are incrustat ions of 
minerals which form on the sides of submarine 
mountain ranges and seamounts. They develop as a 
result of the accumulat ion of minerals dissolved in 
the water and contain mainly manganese, iron, 
cobalt , nickel, plat inum and rare earth elements. 
Cobalt	 crusts	 are	 found	 in	 the	 western	 Pacif ic	 at	
depths of 1000 to 3000 metres.
•	 MASSIVE	 SULPHIDES:	Massive sulphides accumu-
late mainly at the openings of hot vents on the 
ocean f loor. In these regions cold seawater pene-
t rates through cracks in the sea f loor at depths of up 
to several ki lometres. The water near magma cham-
bers then heats up to temperatures exceeding 400 
degrees Celsius. As it does so, metall i ferous miner-
als are released from the rock. Upon warming the 
solut ion r ises rapidly and is extruded back into the 
sea. As soon as this solut ion mixes with the cold 
seawater, the minerals form a precipitate which 
accumulates around the hydrothermal vents in the 
form of massive ore deposits. Massive sulphides are 
found in many places on the sea f loor which are or 
used to be volcanic. Depending on the region, they 
contain widely dif ferent amounts of copper, zinc, 
lead, gold and si lver, as well as numerous important 
t race metals such as indium, germanium, tel lurium 
or selenium.
If and when marine resources are mined depends main-
ly upon how resource prices actually develop world-
wide. It is impossible to predict whether, as is the case 
with oi l, world market prices will cont inue to r ise. New 
onshore mining projects could lead to price reduct ions 
for certain resources, for example. In the past we have 
often seen that when mining of a major new onshore 
deposit begins, there is a surplus of the resource con-
cerned. Cost savings also contribute to fal l ing prices. 
There are many reasons behind such savings such as 
new mining technologies, automat ion or improved met-
al lurgic processes. 
On	 the	other	hand,	 prices	 r ise	 as	 the	demand	 for	 a	
resource increases. This could in future prove to be the 
case with resources which are highly sought af ter due 
to	technological	and	social	developments.	One	example	
here is the metal neodymium which is increasingly 
used in the construct ion of electr ic motors and wind 
turbine generators. Experts are in fact concerned that 
supplies of this metal could run short in the coming 
years. If the prices of metals that are also found offshore 
increase in the coming years as a result of such short- 
ages, sea-f loor mining could become economic. How- 
ever, at this stage nobody can foresee whether such a 
situat ion will occur. 
An except ion could possibly be the massive sul-
phides found in the terr itorial waters of Papua	 New	
Guinea, which have been found to contain substant ial 
amounts of gold and si lver. Their retr ieval has been 
planned for several years now, but for economic and 
contractual reasons product ion has been postponed 
repeatedly.
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The extrac t ion of minera l resources from the sea is by no means a new 
ac t ivity. Many countr ies have in fac t been extrac t ing sand and gravel 
for decades. This loose rock is used to make concrete, as backf i l l on 
bui lding s ites and in harbours, and a lso as beach nour ishment to pro-
tec t coast l ines. 
How much mar ine sand and gravel is ef fec t ively taken wor ldwide is 
dif f icult to est imate because the data is not col lec ted centra l ly. What 
the avai lable s tat is t ics do show, however, is that Europe is the largest 
producer of mar ine-dredged sand and gravel, with sand being the most 
sought-af ter product. 
According to est imates publ ished by the Internat ional Counci l for 
the Explorat ion of the Sea ( ICES), the organizat ion responsible for the 
Nor th At lant ic mar ine habitat , 93.5 mil l ion cubic metres of sand were 
removed from European waters in 2012. That f igure equates to approx-
imately the volume of 37 Great Pyramids of Cheops. The Nether lands 
accounted for the major share of about 63 mil l ion cubic metres. No less 
than 37 mil l ion cubic metres were needed by that country a lone to 
replenish the Nor th Sea coast l ine and of fshore is lands to balance out 
the sand masses washed away by the autumn and winter s torms in the 
Nor th Sea. Some of the sand is used each year to expand the por t of 
Rot terdam. 
The extent of sand and gravel consumption by the Nether lands is 
highl ighted by the fac t that the USA uses only about 57 mil l ion cubic 
metres of mar ine sand each year. In that country, the mater ia l is a lmost 
exclusively ut i l ized for the purposes of coasta l protec t ion and beach 
replenishment.
Europe’s second largest consumer of mar ine sand af ter the Nether-
lands is Great Br ita in. That nat ion used a lmost 12 mil l ion cubic metres 
in 2011, plus near ly 7 mil l ion cubic metres of gravel. Approximately 
80 per cent of both products are used to manufac ture concrete, par-
t icular ly for construc t ion work carr ied out in London and in southern 
par t s of England. 
No other nat ions regular ly extrac t sand and gravel to such an extent. 
However, in individual cases, large amounts are indeed needed for 
bui lding projec t s such as the expansion of Hong Kong a irpor t and the 
por t of Singapore. 
What is more, despite the ready avai labi l i ty of deser t sand, mar ine 
sand is a lso used to construc t ar t if ic ia l is lands such as the Palm Is lands 
of Dubai. This is because the rounded gra ins of ocean sand are bet ter 
for concrete product ion than the angular gra ins taken from the deser t . 
Mar ine sand and gravel are used mainly where no suitable deposit s can 
be found onshore. This is the case in both southern England and the 
Nether lands. However, because it is general ly substant ia l ly more cost-
ly to remove them from the sea, onshore deposit s tend to be preferred 
wor ldwide. 
Sand and gravel are extrac ted by ships construc ted specia l ly for this 
purpose, which suck them from the ocean f loor using a large pipe. This 
process is known as suc t ion dredging. The pipes are up to 85 metres 
long and can have a diameter of up to 1 metre. As a rule, the dredging 
areas are around 3 ki lometres long and severa l hundred metres wide. 
There are two dif ferent dredging processes. The f irs t is s tat ic suc t ion 
dredging dur ing which the ship l ies at anchor as it sucks up sand from 
a s ingle spot. This produces pit s of up to 10 metres in depth. The sec-
ond process involves the ship pul l ing a suc t ion pipe with a draghead 
behind it and slowly fol lowing a route through the dredging area. This 
method of mater ia l extrac t ion removes a layer of sand 25 to 50 cent i-
metres thick from the sea f loor. 
The extent of the damage and destruc t ion that is inf l ic ted upon 
mar ine habitat s by the large-scale extrac t ion of sand and gravel has 
long been a subjec t of heated discussion. The Nor th Sea f ishing indus-
try, for instance, has voiced fears that f ishing could be impacted 
negat ively by suc t ion dredging operat ions. Among other things, the 
cr it ics of dredging have asser ted that :
•	 Fish	are	dr iven	away	by	the	noise	of	the	suc t ion	dredgers ;
•	 The	hunt ing	and	spawning	grounds	of	the	f ish	are	destroyed	by	the	
dredging	or	the	sediment	that	was	s t ir red	up;
•	 Fishing	 equipment	 such	 as	 lobster	 pots	 are	 ruined	 by	 the	 suc t ion	
dredgers.
Since the star t of the new mil lennium, therefore, a whole raf t of bio-
logica l s tudies has been carr ied out with the a im of assessing the 
impact of suc t ion dredging on the mar ine environment. These invest i-
gat ions have shown that dredging does indeed have an impact, but 
have a lso revealed that such ef fec t s are l imited to relat ively smal l 
areas. An Engl ish s tudy, for instance, proved that af ter 25 years of 
sand dredging, an area needs about 6 years to completely repopulate. 
In an area dredged for only a br ief per iod or just once, the or iginal 
condit ions are a lready restored af ter 1 or 2 years. 
A Dutch study even concluded that 2 years af ter dredging sand to 
expand the por t of Rot terdam the f ish biomass in the dredged area 
increased substant ia l ly. Why this is, is unclear. 
What is cer ta in, however, is that extrac t ion does change the compo-
sit ion of the seabed sediments. When gravel or coarse-gra ined sand is 
removed, the s ites af terwards of ten f i l l with f iner sand which is washed 
in by the current. Fine-gra ined areas at trac t dif ferent sea dwellers than 
coarse-gra ined areas. These changes can persis t over many years. 
However, as relat ively smal l areas cover ing only a few square ki lo-
metres are dredged, the studies conclude that there can be no quest ion 
of major habitat change.
Sand,  grave l  and phosphate  f rom the sea
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The conf l ic t that erupted in Great Br ita in between the f isher ies sec-
tor on the one s ide, and the sand and gravel industry on the other, was 
defused by awarding l icences for mar ine areas in accordance with the 
Mar ine and Coasta l Access Act 2010. Now, for the f irs t t ime, the Act 
coordinates and regulates the mar it ime spat ia l planning of the waters 
of f Great Br ita in and their use by f ishing f leet s, tour ism operators, 
wind energy companies and the sand and gravel industry. By a l locat ing 
specif ic areas for wel l-def ined uses, it can be ensured that the asso- 
c iated ac t ivit ies remain far enough away from f ish spawning grounds. 
This avoids a s ituat ion ar is ing in which suspended sediments caused by 
dredging smother the eggs of herr ing and other species. 
Some countr ies take a very cr it ica l view of the mining of sand and 
gravel. In South Afr ica for instance, dune sand is extrac ted for use in 
the construc t ion industry. As dunes are a natura l bulwark against the 
ocean sur f cr it ics are concerned that this ac t ivity could adversely 
af fec t the coast l ine. 
Fishermen in India are protest ing against the removal of sand from 
beaches. They are concerned that f ish s tocks are being compromised 
by the suspended sediment being st ir red up and that catches wil l dwin-
dle as a result . 
For more than 10 years now sand has been i l legal ly removed from 
Moroccan beaches and sold to other countr ies for concrete manufac-
ture. This has transformed some beach areas into lunar landscapes. 
The tour ism industry fears that damage to it s reputat ion and f inancia l 
losses may fol low.
Apar t from sand and gravel, phosphate is another minera l resource 
which has the potent ia l to be exploited from the sea on a grand scale. 
Phosphate is mainly used as a feedstock for fer t i l izer product ion. Mas-
sive quant it ies are mined in West Afr ica and Tunis ia, from where it is 
expor ted to many dif ferent countr ies. The impor tat ion and long-haul 
sea transpor tat ion are relat ively expensive for dis tant nat ions, which 
would consequent ly prefer to make use of the mar ine resources of f 
their own coast s. There are thus plans to mine phosphate at Chatham 
Rise, a submar ine r idge of f the east coast of New Zealand. These plans 
are meet ing with a s torm of protest from conservat ionis t s who fear 
that impor tant habitat s on the sea f loor could be destroyed. Propo-
nents argue that the proposed mining area is extremely smal l com-
pared to the area af fec ted by bot tom trawling. 
Debate has begun in Namibia and South Afr ica, too, about the har-
vest ing of mar ine phosphate. Fishermen in Namibia are concerned that 
mining of f the coast of Walvis Bay could destroy the hake f ishing 
grounds. Environmental is t s in South Afr ica, for their par t , asser t that 
the areas earmarked for sea-f loor mining wil l be adjacent to spe-
cies-r ich Vulnerable Mar ine Ecosystems (VMEs) mer it ing par t icular 
protec t ion. They are demanding that in-depth environmental impact 
assessments should be carr ied out before any mining begins.
2.8 > A suction dredger extracts sand from the North Sea floor off the Dutch 
island of Ameland to widen the beach.   
2.9 > The sand-water combination is pumped from the ship onto the beach 
using the “rainbow method”.
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Metal-r ich clumps
Together with cobalt crusts, manganese nodules are 
considered to be the most important deposits of metals 
and other mineral resources in the sea today. These nod-
ules, with a size ranging from that of a potato to a head 
of lettuce, contain mainly manganese, as their name 
suggests, but also iron, nickel, copper, t itanium and 
cobalt . In part , the manganese nodule deposits are of 
interest because they contain greater amounts of some 
metals than are found in today’s known economically 
minable deposits. It is assumed that the worldwide 
manganese nodule occurrences contain signif icant ly 
more manganese, for example, than in the reserves on 
land.
Occurrences of economic interest are concentrated 
part icularly in the Pacif ic and Indian Oceans, in the 
wide deep-sea basins at depths of 3500 to 6500 metres. 
The individual nodules l ie loosely on the sea f loor, but 
can somet imes be covered by a thin sediment layer. 
Theoret ical ly they can be harvested relat ively easi ly 
from the sea f loor. They can be collected from the bot-
tom with underwater vehicles similar to a potato har-
vester. Prototypes in the late 1970s and early 1980s 
have shown that this wil l work.
Four major occurrences
Manganese nodules occur in many marine regions. 
They are found in signif icant abundances in four regions 
of the ocean:
CLARION-CLIPPERTON ZONE (CCZ): With an area of 
around 9 mill ion square ki lometres, approximately the 
size of Europe, this is the world‘s largest manganese 
nodule region. The CCZ is located in the Pacif ic, extend-
ing from the west coast of Mexico to Hawaii. The nod-
ules are not evenly dist r ibuted over this area. At some 
sites they are more densely grouped. No nodules at al l 
are found in stony areas. On the average, one square 
metre in the Clarion-Clipperton Zone contains around 
15 kilograms of manganese nodules. Especial ly r ich 
areas can have up to 75 kilograms. The total mass of 
manganese nodules here is calculated to be around 
21 bil l ion tonnes.
PERU BASIN: The Peru Basin l ies about 3000 kilometres 
off the Peruvian coast . It is about half as large as the 
Clarion-Clipperton Zone. The region contains an aver-
age of 10 kilograms of manganese nodules per square 
metre.
PENRHYN BASIN: The third important manganese nod-
ule area in the Pacif ic is located in the Penrhyn Basin 
very near the Cook Islands, a few thousand kilometres 
east of Australia. It has an area of around 750,000 
square ki lometres. Large areas in the Cook Islands 
coastal waters have concentrat ions of over 25 kilograms 
of manganese nodules per square metre of sea f loor.
INDIAN OCEAN: So far only a single large area of man-
ganese nodules has been discovered here, with an area 
comparable to that of the Penrhyn Basin. It is located in 
the central Indian Ocean. Each square metre of the sea 
f loor here contains around 5 kilograms of manganese 
nodules.
How nodules grow
The format ion of the manganese nodules is conceivably 
simple. Dissolved metal compounds in the sea water 
precipitate over t ime around a nucleus of some kind on 
Manganese nodu le  t reasures
   > Many thousands of square ki lometres of the deep-sea f loor are covered by 
metal-bearing nodules.  They contain primari ly manganese,  but also nickel ,  cobalt  and copper,  which 
makes them economical ly promising. Although many countr ies and companies are already intensively 
investigating their  distr ibution, i t  is  not certain whether the manganese nodules wil l  ever be mined. 
After  al l ,  at  least for the intermediate future,  there are enough metals avai lable on land.
2.10 > Slice through 
a manganese nodule: 
Over millions of  
years minerals are 
deposited around a 
core.
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Metal content of manganese nodule occurrences in mil l ions of tonnes
Elements Clarion-Clipperton Zone 
(CCZ)
Global reserves and resources 
on land (both economically 
recoverable and sub-economic 
reserves) 
Global reserves on 
land (economically 
recoverable reserves 
today)
Manganese (Mn) 5992  5200 630
Copper (Cu) 226  1000+ 690
Titanium (Ti) 67  899 414
Rare earth oxides 15  150 110
Nickel (Ni) 274  150 80
Vanadium (V) 9.4  38 14
Molybdenum (Mo) 12  19 10
Lithium (Li) 2.8  14 13
Cobalt (Co) 44  13 7.5
Tungsten (W) 1.3  6.3 3.1
Niobium (Nb) 0,46  3 3
Arsenic (As) 1.4  1.6 1
Thorium (Th) 0.32  1.2 1.2
Bismuth (Bi) 0.18  0.7 0.3
Yttrium (Y) 2  0.5 0.5
Platinum group metals 0.003  0.08 0.07
Tellurium (Te) 0.08  0.05 0.02
Thallium (Tl) 4.2  0.0007 0.0004
Exclusive Economic Zone
Clar ion-
Cl ipper ton 
Zone
Peru
BasinPenrhyn
Basin
Indian
Ocean
2.11 > Worldwide, 
manganese nodule 
occurrences contain 
large amounts of  
metals. The occur-
rences in the Clarion-
Clipperton Zone 
(CCZ) alone hold 
around 10 times more 
manganese than the 
economically minable 
deposits on land 
today. The amount of 
thallium in the CCZ is 
even 6000 times more 
than in economically 
exploitable deposits. 
It must be kept in 
mind, however, that 
the possible marine 
deposits are compared 
to actual economic-
ally recoverable 
occurrences on land. 
Whether, and how 
much metal can be 
obtained from man-
ganese nodules in the 
future is completely 
uncertain.
2.12 > Manganese  
nodules occur in  
all oceans. But only  
in 4 regions is the  
density of nodules  
great enough for in- 
dustrial exploitation.
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the sea f loor. The growth core can be, for example, a 
shark’s tooth or a fragment of a clam shell, around 
which the nodule grows. This growth process can take 
place in two ways. In the hydrogenous process, metal 
compounds sinking through the water are precipitated. 
In large part this involves the manganese oxide mineral 
vernadite, which forms naturally in water. Compounds 
of other metals join in smaller amounts.
The second process is referred to as diagenet ic 
growth. This process does not occur in the water col-
umn but within the sediments. Metal compounds that 
are present in the water between the sediment par- 
t icles, the pore water, are deposited. This is sea water 
that penetrates into the sea f loor and reacts with the 
sediments to become enriched with metal compounds. 
Where it r ises up and out of the sediment, the metal 
compounds are l ikewise deposited around the nodule 
growth core. As a rule, this involves the manganese 
oxides todorokite and birnessite.
Most nodules grow both hydrogenously and diage-
net ical ly, whereby the relat ive inf luence of each process 
varies in dif ferent marine regions. It is fascinat ing how 
extremely slowly the manganese nodules grow. In a 
mil l ion years their size increases on the order of mil l i-
metres. Hydrogenous nodules grow up to 10 mill imetres 
per mil l ion years, while diagenet ic nodules grow 
between 10 and 100 mill imetres. This means that man-
ganese nodules can only grow in areas where the envi-
ronmental condit ions remain stable over this kind of 
t ime scale. The fol lowing factors are essent ial for the 
format ion of manganese nodules:
•	 Low	 sedimentat ion	 rates	 of	 suspended	 material.	
Otherwise the nodules would be covered too rapid-
ly;
•	 Constant	f low	of	Antarct ic bottom water. This water 
f lushes f ine sediment part icles away that would 
otherwise bury the nodules over t ime. The coarser 
part icles, such as the shells of small marine organ-
isms and clam or nodule fragments, may be lef t 
behind to act as nuclei for new nodules;
•	 Good	 oxygen	 supply.	 The	 Antarct ic	 bottom	 water,	
for example, t ransports oxygen-rich water from the 
sea surface to greater depths. Without this the man-
ganese oxide compounds could not form;
•	 Aqueous	sediment.	The	sediment	has	to	be	capable	
of holding large amounts of pore water. Diagenet ic 
nodule growth can only take place in very aqueous 
sediments.
Furthermore, some researchers hold the opinion that 
bottom-dwelling organisms such as worms that burrow 
around in the sediment must be present in large num-
bers in order to constant ly push the manganese nodules 
2.13 > Manganese 
nodules are present 
in various quantities 
in different areas of 
the deep sea. In this 
close-up view of the 
Pacific sea floor, the 
nodules are relatively 
close together.
69Sea-f loor mining < 
SEDIMENTBASALT
Hydrogenous nodules
Metal l ic compounds in sea water 
are deposited on nodules
Diagenet ic nodules
Sea water enr iched in meta l compounds
3500
Both diagenet ic
and hydrogenous
nodule growth
6500
up to the sediment surface. This hypothesis, however, 
has not yet been proven. 
Different regions,  different composit ions
Although the condit ions for the format ion of manganese 
nodules are the same in al l four of the major regions, 
their metal contents vary from place to place. The high-
est manganese content is 34 per cent in the Peru Basin 
nodules, while the highest iron content is in the Pen-
rhyn Basin nodules with 16.1 per cent. The greatest con-
tent of cobalt , at a substant ial 0.4 per cent, is also found 
here. In this area, therefore, the extract ion of cobalt has 
the highest priority. According to expert est imat ions, 21 
mill ion tonnes of cobalt could be produced here, which 
is a great amount. The economically feasible reserves on 
land current ly amount to around 7.5 mill ion tonnes. 
Even adding the deposits on land that are not yet eco-
nomically minable, only 13 mill ion tonnes of cobalt 
could be retr ieved – st i l l signif icant ly less than the nod-
ules in the Penrhyn Basin could provide. After a record 
high before the economic crisis of 2008, however, the 
cobalt price has fal len steeply, so that mining of the 
deposits is not present ly economical. 
Nevertheless, given the large amounts of metals 
that are contained in the manganese nodules world-
wide, it is certainly conceivable that the nodules may be 
mined in certain marine regions in the future. For many 
countries that do not have access to their own land 
reserves, manganese nodules offer a way to become 
independent from imports.
Who owns resources in the sea?
The internat ional Law of the Sea precisely regulates 
who can mine manganese nodules or massive sulphide 
and cobalt crusts in the future. If the resources are 
located within the Exclusive Economic Zone (EEZ) of a 
country, the so-called 200 naut ical mile zone, this coun-
try has the sole r ight to mine them or to award mining 
l icences to foreign companies. This is the case, for 
example, in a part of the Penrhyn Basin near the Cook 
Islands. 
The CCZ, the Peru Basin, and the Indian Ocean 
area, on the other hand, al l l ie far outside the Exclusive 
Economic Zones, in the realm of the high seas. Here, 
mining is central ly regulated by an agency of the United 
Nat ions, the Internat ional Seabed Authority (ISA), with 
headquarters in Kingston, Jamaica. In part icular, the 
ISA ensures that the benefits f rom future act ivit ies 
related to marine mining are shared equitably. Its 
authority is based on various art icles of the United 
Nat ions Convent ion on the Law of the Sea, which def ine 
the high seas as the common heritage of mankind. 
Act ivit ies on the high seas should thus serve the good 
of al l people. Among other things, exclusive access to 
2.14 > Manganese 
nodules grow when 
metal compounds 
dissolved in the water 
column (hydrogenous 
growth) or in water 
contained in the  
sediments (diagenetic 
growth) are deposited 
around a nucleus. 
Most nodules are 
a product of both 
diagenetic and hydro-
genous growth.
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the promising resources in the deep sea by r ich coun-
tr ies should be prevented.
For the manganese nodule areas this means that 
contractors apply to the ISA for an explorat ion area of up 
to 150,000 square ki lometres. The individual contractor 
must pay a l icence fee for these areas. The crucial condi-
t ion is that the countries can only use half of their 
l icence area, or a maximum of 75,000 square ki lo-
metres. After preliminary explorat ion, the other half is 
reserved for developing states. So far the ISA has award-
ed 12 l icences for the Clarion-Clipperton Zone  and one 
for the Indian Ocean, al l to various states. The contrac-
tors are China, Germany,	France, India, Japan, the Rus-
sian Federat ion, South Korea, and the Interoceanmetal 
Joint Organizat ion, a consort ium of Bulgaria, the Czech 
Republic, Slovakia, Poland, the Russian Federat ion and 
Cuba.
Two commercial companies have recent ly joined the 
applicants: the Brit ish company UK Seabed Resources 
Limited and the Belgian G-TEC	Sea	Mineral	 Resources	
NV. Since 2011 a number of developing countries (Nau-
ru, Kir ibat i and Tonga) have submitted applicat ions in 
cooperat ion with industr ial ized-country companies. 
These applicat ions are related to areas explored by the 
original contractors and reserved for developing coun-
tr ies, which will now be consigned to Nauru, Kir ibat i 
and Tonga. The f inancial and technical means for fur-
ther explorat ion and eventual development of these are-
as, however, wil l not be supplied by the 3 island nat ions 
but by the industry partners.
Up to now, the l icences awarded by the ISA have al l 
been explorat ion l icences, which al low nat ions to inves-
t igate the potent ial mining areas more closely. This 
includes detai led studies to determine which parts of 
the region have the highest densit ies of nodules or nod-
ules with especial ly high metal contents. The l icences 
are awarded for a period of 15 years and can be extend-
ed one t ime for 5 more years. After that the mining 
must begin or the country will forfeit its mining r ights. 
However, the ISA will not def ine the legal regulatory 
framework for future mining unt i l 2016. There are st i l l 
a number of unresolved quest ions. The mining tech-
niques to be used in the future to harvest nodules have 
st i l l not been determined, and there is no plan in place 
for ef fect ive protect ion of the marine environment from 
large-scale mining.
Chemical  components of manganese nodules from different marine regions
Elements Manganese nodules 
of the CCZ
Manganese nodules of 
the Peru Basin
Manganese nodules of 
the Indian Ocean
Manganese nodules of 
the Cook Islands area
Manganese (Mn) **  28.4 34.2 24.4 16.1
Iron (Fe) **  6.16 6.12 7.14 16.1
Copper (Cu) *  10,714 5988 10,406 2268
Nickel (Ni) *  13,002 13,008 11,010 3827
Cobalt (Co) *  2098 475 1111 4124
Titanium (Ti) **  0,32 0.16 0.42 1.15
Tellurium (Te) *  3.6 1.7 40 23
Thallium (Tl) *  199 129 347 138
Rare earth elements 
and yttrium  *
 813 403 1039 1707
Zirconium (Zr) *  307 325 752 588
2.15 > Chemical 
analyses reveal that 
manganese nodules 
from different marine 
regions vary signifi-
cantly in their metal 
contents.
* Grams per tonne    ** Percentage by weight
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Mining machinery st i l l  not avai lable
Manganese nodule mining at an industr ial scale is pres-
ent ly not possible because there are no market-ready 
mining machines. Although Japan and South Korea 
have built prototypes in recent years and tested them in 
the sea, these st i l l need improvement. 
Three years ago the	 German	 Federal	 Inst itute	 for	
Geosciences	 and	Natural	 Resources	 (Bundesanstalt	 für	
Geowissenschaften	 und	 Rohstoffe	 –	 BGR)	 invited	 ten-
ders for a design study for suitable deep-sea machines 
that	Germany	wants	to	deploy	in	its	own	licence	area	in	
the CCZ. The part icipat ing companies included one that 
already makes machines for diamond mining in the 
At lant ic off Namibia. The equipment for diamond pro-
duct ion, however, is deployed in only 150 metres of 
water near the coast . It st i l l has to be adapted for water 
depths in the CCZ and working condit ions on the high 
seas. After al l, the machines for manganese nodule min-
ing have to withstand the high pressures at water 
depths of 6000 metres. Furthermore, they must be able 
to work dependably over long t ime periods because 
repairs on deep-sea equipment are extremely cost ly, 
Lif t ing mechanism
Mining machine
Buf fer s torage and valves
Riser pipe
Armoured hose
start ing with the raising of up to 250-tonne machines to 
the surface.
It	is	present ly	est imated	that	in	the	German	licence	
area of the Clarion-Clipperton Zone alone, around 2.2 
mill ion tonnes of manganese nodules would have to be 
extracted in order to make the mining economically fea-
sible. This requires not only the mining machinery, but 
also the technology for subsequent working stages. 
The extract ion begins with the mining machines, 
which plough into the sea f loor to a depth of 5 cent ime-
tres and cull the nodules out of the sediment. Most of 
the sediments should be separated out on site and lef t 
behind on the sea f loor. The remaining nodule-sediment 
mixture is then pumped from the sea f loor through rigid 
hoses to product ion ships at the water surface. On the 
ships the manganese nodules are separated from the 
sediment and cleaned. Finally they are loaded onto 
freighters that t ransport them to land, where they are 
processed and the metals separated out. This ent ire pro-
cess chain st i l l has to be developed. Furthermore, the 
metallurgical processes required to retr ieve the various 
metals from the manganese nodules are not yet fully 
f ledged. 
2.16 > In the future, 
manganese nodules 
will be picked up from 
the sea floor by har-
vesting machines and 
pumped to the ship 
through solid pipes. 
But as yet no such 
machines have been 
built. Conceptual 
studies envisage an 
apparatus fur- 
nished with a special 
body that prevents 
stirring up large 
amounts of sediment.
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Life in the manganese nodule f ie lds
If manganese nodules were to be mined in the future it would be 
a severe intrusion into the deep-sea biologica l environment 
because the harvest ing machines would plough up large areas of 
the sea f loor. It is very dif f icult to assess precisely how and to 
what extent the deep-sea ecosystem would be impacted, because 
so far only smal l areas have been sc ient if ica l ly invest igated. The 
few exis t ing studies, however, c lear ly show that there is more l i fe 
in the deep basins than was previously bel ieved.
Many of the organisms l ive bur ied within the deep-sea sedi-
ments, especia l ly in the upper 15 cent imetres of the sea f loor. The 
init ia l impression of a barren deser t is decept ive. A large number 
of organisms a lso l ive in the open water. The deep-sea organisms 
are divided into dif ferent categor ies based on their s ize. For the 
dif ferent iat ion of smal l species, the s ize of the s ieve openings 
used to f i l ter the animals out of the bot tom or water samples is a 
useful cr iter ion. The 4 fol lowing categor ies are general ly used:
MICROFAUNA: This consis t s of organisms that are smal ler than 
the openings of a very f ine s ieve of 0.03 mil l imetres. It compr ises 
a lmost exclusively microorganisms.
MEIOFAUNA: This includes, for example, the copepods and nema- 
todes (smal l worms), as wel l a s foraminifera, a group of s ingle- 
cel led animals that l ive in ca lcareous shel ls . These organisms are 
reta ined on sieves with openings of 0.03 to 0.06 mil l imetres.
MACROFAUNA: This group includes animals that are caught on 
s ieves with openings of 0.3 to 0.5 mil l imetres. Large numbers of 
macrofaunal organisms l ive in the sediments, especia l ly br is t le 
worms, but a lso crabs and mussels.
MEGAFAUNA: This includes animals that can be seen with the 
naked eye on underwater videos or photographs, for example, 
f ish, sponges, sea cucumbers and star f ish. These organisms are 
from 2 to over 100 cent imetres in s ize.
A specia l feature of the Pacif ic manganese nodule areas is the 
presence of unusual ly large species of foraminifera. In contrast to 
their miniscule cousins, the Xenophyophora are up to 10 cent i- 
metres in s ize and are thus included in the megafauna. Xenophy-
ophores l ive on top of the sediment and, l ike sea cucumbers, 
leave behind feeding tracks severa l metres long. 
It is largely unknown how large the propor t ion of endemic 
species l iv ing in manganese nodule areas is . Mar ine biologis t s 
from var ious research inst itutes are present ly evaluat ing bot tom 
samples obtained on expedit ions. Many endemic species have 
a lready been discovered. 
Addit ional ly, i t is presumed that the species composit ions in 
and on deep-sea sediments change every 1000 to 3000 ki lo-
metres, which means it would change within a manganese nodule 
area. The reason for this is that the nutr ient condit ions in dif fer-
ent mar ine regions vary s l ight ly, because nutr ient levels are par-
t ia l ly dependent on transpor t by near-sur face water currents. 
When more nutr ients are contained in the water, then a lgae can 
produce more biomass, which subsequent ly ra ins down to the 
bot tom. Dif ferent organisms predominate depending on the sup-
ply of carbon. Compared to the nutr ient-r ich coasta l areas, the 
dif ferences in the amount of carbon between the var ious deep-
sea regions are relat ively smal l. Never theless, they apparent ly 
cause dif ferences in species composit ions. Mar ine biologis t s 
therefore insis t that mining be regulated to the extent that the 
dif ferent species assemblages, and thus the charac ter of the 
deep-sea areas in quest ion, are at least in par t preserved and that 
a successful recolonizat ion is possible. These fac tors, as wel l a s 
the protec t ion of endemic species, should be considered in the 
mining regulat ions of the ISA.
2.17 > Various animal species, including sea cucumbers, deep-water prawns, fish and brittle stars, have been found in the CCZ.
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Destruction of deep-sea habitats?
Scient ists agree that mining manganese nodules would 
represent a dire encroachment on the marine habitat . 
The fol lowing detr imental impacts are assumed:
•	 While	ploughing	through	the	sea	f loor	the	harvest-
ing machines st ir up sediment. Ocean currents can 
move this sediment cloud through the area. When 
the sediments f inally sett le down to the sea f loor 
again, sensit ive organisms, part icularly the sessi le, 
immobile ones are covered and die.
•	 Direct ly	 in	 the	 ploughed	 area	 al l	 organisms	 are	
kil led that cannot escape the plough quickly 
enough, including snails, sea cucumbers and 
worms. And even if they are not hurt by the plough, 
they can be vacuumed up with the nodules and die 
during the cleaning process on the ship.
•	 The	 mining,	 pumping	 and	 cleaning	 of	 the	 manga-
nese nodules creates noise and vibrat ions, which 
disturb marine mammals such as dolphins, and 
could force them to f lee from their natural area. 
•	 The	sediment-laden	water	produced	by	the	cleaning	
of manganese nodules is released into the sea from 
the ships. A sediment cloud is also created here. 
Present concepts envision a near-bottom discharge 
in order to minimize the spread of the cloud. Releas-
ing it near the bottom also avoids clouding of the 
near-surface l ight-penetrat ing water layers. Biolo-
gists are concerned that clouding of the near-surface 
waters could disturb the growth of algae and other 
planktonic organisms.
It is certain that these problems cannot be completely 
eliminated. However, discussions are present ly under-
way about how to reduce them as much as possible. In 
any case, the ISA requires environmentally sound man-
ganese nodule product ion. And solut ions actually 
appear to be possible. According to recent studies, the 
sediment cloud can be reduced by using a cowled rather 
than open harvest ing machine. This would, in part , pre-
vent st irr ing up of the sediment into the water column. 
Furthermore, the sediment cloud released by the ship 
could be reduced by pumping it through pipes back to 
the sea f loor so that the part icles sett le relat ively quick-
ly. Engineers say, however, that this addit ional pipe sys-
tem would make manganese product ion signif icant ly 
more expensive. It is st i l l not clear today how fast the 
habitats on the sea f loor would rebound from this mas-
sive intervent ion. Several internat ional projects have 
been carr ied out since the end of the 1980s to invest i-
gate the rate at which harvested areas of the sea f loor 
would be recolonized. But these were quite small-scale 
intervent ions.	 For	 example,	 scient ists	 in	 the	 German	
project Disturbance and Recolonizat ion (DISCOL) 
ploughed up a sea-f loor area of several square ki lo-
metres in the Pacif ic with experimental equipment and 
revisited the site over several years af terward. The 
results indicated that a period of 7 years were required 
before the ploughed area had adjusted back to the same 
density of bottom li fe as before. Yet some species had 
disappeared permanent ly, part icularly those that were 
reliant on a hard substrate. This means that af ter 7 
years the disturbed area was signif icant ly species-de-
pleted.	In	2015,	the	German	Federal	Research	Ministry	
will provide money for an expedit ion that wil l visit this 
area once again. Then, for the f irst t ime, the long-term 
effects wil l be observed after a period of 25 years. The 
DISCOL researchers st ress that the damage caused by 
mining a large area of manganese nodules would be 
much greater. After al l, in the experiment a compara-
t ively small area was harvested. The disturbed area was 
resett led rather quickly from the undamaged surround-
ing areas. But i f areas with many more square ki lo-
metres of sea f loor are harvested, recolonizat ion of the 
harvested areas would take many years longer. 
The ISA therefore envisions that the l icence areas 
would not be harvested al l at once, but in smaller steps. 
Alongside harvested sites, untouched areas should be 
preserved. From these, the harvested areas can be recol-
onized. Marine biologists are t rying to determine how 
the patterns of exploited and non-exploited areas should 
look in detai l. It would thus be conceivable to l imit the 
intensity of harvest ing manganese nodule areas from 
the outset , proceeding in individual stages l ike the 
DISCOL project , a lternat ing between harvested and 
unharvested str ips. Such an approach would be com-
pletely	possible	today	thanks	to	precise	GPS	navigat ion.
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A coating on the rocks
Cobalt crusts are rock-hard, metall ic layers that form on 
the f lanks of submarine volcanoes, cal led seamounts. 
Similar to manganese nodules, these crusts form over 
mill ions of years as metal compounds in the water are 
precipitated. 
As with manganese nodules, deposit ion occurs very 
slowly. Crusts grow 1 to 5 mill imetres per mil l ion years, 
which is even slower than nodules. Depending upon the 
concentrat ion of metal compounds in the sea water, 
crusts with dif ferent thicknesses have formed in dif fer-
ent ocean regions. On some seamounts they are only 
2 cent imetres thick, while in the r ichest areas thick-
nesses can be up to 26 cent imetres. Because the cobalt 
crusts are f irmly attached to the rocky substrate, they 
cannot simply be picked up from the bottom like manga-
nese nodules. They will have to be laboriously separat-
ed and removed from the underlying rocks.
It has been est imated that there are over 33,000 
seamounts worldwide. The exact number is not known. 
Around 57 per cent are located in the Pacif ic. The Pacif-
ic is thus the most important cobalt crust region in the 
world. 
The western Pacif ic is of part icular interest . The 
world’s oldest seamounts were formed here during the 
Jurassic period around 150 mill ion years ago. Accord-
ingly, many metall ic compounds were deposited here 
over a long period of t ime to form comparat ively thick 
crusts. This area, around 3000 kilometres southwest of 
Japan, is cal led the Prime Crust Zone (PCZ). The amount 
of crust in the PCZ is est imated to total 7.5 bi l l ion 
tonnes.
A metal-r ich crust
Like manganese nodules, cobalt crusts also represent a 
very large metal resource in the sea. As the name sug-
gests, the crusts contain a relat ively large amount of 
cobalt compared to deposits on land and to manganese 
nodules. The largest share of metals in the cobalt crusts, 
however, consists of manganese and iron. The crusts 
are often more precisely referred to as “cobalt-r ich ferro-
manganese crusts”. Tellurium is also comparat ively 
abundant in cobalt crusts. Tellurium is necessary par-
t icularly for the product ion of highly eff icient thin-f i lm 
photovoltaic cells.
In absolute terms the crusts of the Prime Crust Zone 
do not contain as much manganese as the manganese 
nodules of the Clarion-Clipperton Zone. However, the 
quant it ies of manganese in the PCZ are st i l l a lmost 3 
t imes greater than the economically minable amounts 
on land today. Furthermore, in the southern area of the 
Meta l -r ich crust s
   > Cobalt  crusts are a promising resource on the sea f loor because they con-
tain large amounts of cobalt ,  nickel ,  manganese and other metals that could exceed the content in 
land deposits.  They form on the rocky surfaces of undersea r ises.  For their  extract ion, machines are 
required that can separate the material  f rom the substrate.  To date,  however,  only conceptual  studies 
exist .
Seamounts
Seamounts grow 
through volcanic acti-
vity to great heights 
on the sea floor over 
mill ions of years. They 
are found in all of the 
oceans and reach 
heights of 1000 to 
4000 metres. Smaller 
seamounts are also 
called knolls.
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2.18 > Manganese nodules and cobalt crusts contain primarily manganese and iron. Be-
cause iron is plentiful in land deposits, it is not a key factor in marine mining. For the 
other elements making up lower weight per cents of the deposits, however, there are great 
differences to occurrences on land. In the manganese nodules nickel and copper predo-
minate, while in cobalt crusts cobalt, nickel and rare earth elements are more significant.
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2.19 > Cobalt crusts 
occur in different 
ocean regions than 
manganese nod-
ules. Each of these 
resources has its own 
especially abundant 
regions. The most 
important cobalt crust 
area is the Prime 
Crust Zone (PCZ) in 
the western Pacific. 
The area of greatest 
manganese nodule 
concentration is the 
Clarion-Clipperton 
Zone (CCZ).
2.20 > Cobalt crusts 
are especially abun-
dant in the western 
Pacific within a region 
the size of Europe, 
called the Prime Crust 
Zone (PCZ). When 
compared to deposits 
on land and to the 
manganese nodule 
area of the Clarion-
Clipperton Zone 
(CCZ), it is notable 
that the occurrence of 
cobalt and tellurium 
in particular are com-
paratively large in the 
PCZ, with amounts 
exceeding both the 
land deposits and 
those in the CCZ.
Pr ime Crust Zone
Clar ion-Cl ipper ton Zone (nodules)
Crust s on the Cal ifornia cont inenta l margin
Manganese nodules in the Peru Basin
Manganese nodules in the Indian Ocean
Crust s in the South Pacif ic
Crust s in the Indian Ocean
Crust s in the At lant ic
 Metal  contents in mil l ions of tonnes
Elements Cobalt crusts in the 
Prime Crust Zone 
(PCZ)
Global reserves on 
land (economically 
minable deposits 
today)
Global reserves and 
resources on land 
(economically mina-
ble as well as sub-
economic deposits)
Manganese nodules 
in the Clarion-Clip-
perton Zone
Manganese (Mn) 1714 630  5200 5992
Copper (Cu) 7.4 690  1000+ 226
Titanium (Ti) 88 414  899 67
Rare earth oxides 16 110  150 15
Nickel (Ni) 32 80  150 274
Vanadium (V) 4.8 14  38 9.4
Molybdenum (Mo) 3.5 10  19 12
Lithium (Li) 0.02 13  14 2.8
Cobalt (Co) 50 7.5  13 44
Tungsten (W) 0.67 3.1  6.3 1.3
Niobium (Nb) 0.4 3  3 0.46
Arsenic (As) 2.9 1  1.6 1.4
Thorium (Th) 0.09 1.2  1.2 0.32
Bismuth (Bi) 0.32 0.3  0.7 0.18
Yttrium (Y) 1.7 0.5  0.5 2
Platinum group 0.004 0.07  0.08 0.003
Tellurium (Te) 0.45 0.02  0.05 0.08
Thallium (Tl) 1.2 0.0004  0.0007 4.2
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PCZ, comparat ively high contents of rare earth elements 
are found in the crusts.
Strong currents around seamounts
Cobalt crusts form on all exposed rock surfaces on 
undersea r ises, part icularly on seamounts and knolls. 
Seamounts act somewhat l ike gigant ic st irr ing rods in 
the sea to produce large eddies. Nutrients or other mate-
r ials that rain down from the sea surface or that are 
t ransported by ocean currents are often t rapped by 
these eddies at the seamounts. These can include metal-
l ic compounds that are deposited on the rocks. An 
important precondit ion for the format ion of cobalt crusts 
is that the rock and the growing crusts remain free from 
sediments. This condit ion is met at the seamounts and 
other elevated areas. Currents carry the f ine sediments 
away and keep the rocks and crusts exposed.
Deep oxygen enables c rus t growth 
Cobalt crust s are created when metal ions in the water reac t with oxygen 
to form oxides, which are deposited on the rock sur faces at seamounts. 
Oxides, and thus cobalt crust s, can only form where suf f ic ient oxygen is 
present in the sea water. 
Paradoxica l ly, however, the thickest cobalt crust s on seamounts are 
located near the ocean depth layer with the least oxygen. This oxygen 
minimum zone general ly has a thickness of severa l hundred metres, and 
in most places it is located at a depth of around 1000 metres. It is pro-
duced by the bacter ia l breakdown of s inking dead biomass, a process 
that consumes oxygen in the water. Because the water here is not mixed 
by storms and waves, very l i t t le oxygen penetrates to this depth. So, 
theoret ica l ly, i t would seem that neither oxides nor cobalt crust s should 
be formed. 
This apparent contradic t ion, however, can be expla ined as fol lows : 
Because there is very l i t t le oxygen within the oxygen minimum zone, the 
metal ions can form few oxides, so the ions are enr iched in the oxy-
gen-poor water. At higher elevat ions of the sea f loor such as seamounts, 
however, oxygen-r ich deep water f lows upward from the bot tom. This 
can be sea water, for example, that cools intensely at the South Pole, 
s inks to the sea f loor and spreads through the deep ocean. At the sea-
mounts, this Antarc t ic deep water introduces oxygen to the oxygen-poor 
waters enr iched in metal ions, and as a result metal-r ich oxides are 
formed that subsequent ly precipitate onto the rock sur faces over t ime to 
produce crust s.
Cobalt crusts are found at water depths from 600 to 
7000 metres. Studies at seamounts have shown that the 
thickest crusts and those r ichest in resources are locat-
ed on the upper areas of the seamount slopes, where 
currents are most act ive. On the average these l ie in 
water depths of 800 to 2500 metres, near the oxygen 
minimum zone. Analyses also show that the crusts 
between 800 and 2200 metres have the highest cobalt 
contents. Researchers do not know the reason for this. 
Like a sponge, or the act ivated charcoal used as a 
f i lter in aquariums, cobalt crusts are very porous. 
Thanks to the many micrometre-sized pores, the crusts 
have a large internal surface area. In the same way that 
pollutants are t rapped in the pores of an act ivated char-
coal f i lter, metal compounds are deposited on the large 
surface areas of the crusts. Because the dissolved met-
als occur at very low concentrat ions in sea water, 
growth of the crusts requires very long periods of t ime. 
The crusts are mainly formed through the deposit ion of 
iron oxide-hydroxide [FeO(OH)] and manganese oxide 
(vernadite, MnO2). The other metals are deposited with 
the iron oxide-hydroxide and vernadite on the crust sur-
faces rather l ike hitchhikers. The reason is that , in the 
ocean, various metal ions attach themselves to the iron 
oxide-hydroxide and vernadite molecules in the water. 
Iron oxide-hydroxide is sl ight ly posit ively charged and 
thus att racts negat ively charged ions such as molybdate 
(MoO4
2–). Vernadite, on the other hand, is sl ight ly nega-
t ively charged and att racts posit ively charged ions such 
as cobalt (Co2+), copper (Cu2+) or nickel (Ni2+).
Incidentally, most of the metal ions contained in sea 
water originate from land. Over t ime they are washed 
out of the rocks and t ransported by r ivers to the oceans. 
Iron and manganese, however, usually enter the ocean 
through volcanic sources on the sea f loor cal led hydro-
thermal seeps.
Crust mining in sovereign terr i tory?
Manganese nodules and cobalt crusts are of equal inter-
est for future marine mining because they contain t rac-
es of many industr ial ly important metals that , because 
of the immense tonnage of the deposits, are of economic 
interest . But there are important dif ferences with regard 
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to the explorat ion and future mining of the crusts. One 
of these, for example, is the legal situat ion. In contrast 
to manganese nodules, most of the r ichest crust occur-
rences are not found in the internat ional waters of the 
high seas but in the Exclusive Economic Zones (EEZs) of 
various island nat ions. Thus the Internat ional Seabed 
Authority (ISA) will not be responsible for determining 
the condit ions for future mining there. Rather, the 
respect ive local governments will have jurisdict ion. 
However, to date no country has presented concrete 
plans. 
For those crust deposits in internat ional waters, on 
the other hand, a binding system of regulat ions has 
recent ly been established. In July 2012 the ISA adopted 
internat ionally binding regulat ions for the explorat ion 
of such crust occurrences in regions of the high seas. It 
is t rue that China, Japan and the Russian Federat ion at 
that t ime had already submitted working plans to the 
ISA for future explorat ion in the internat ional waters of 
the western Pacif ic, but the council and the assembly of 
the seabed authority f irst have to approve these. The 
working plans specify what basic informat ion the coun-
tr ies want to collect in the upcoming years, including 
taking samples from the sea f loor and analyses of the 
crusts, depth measurements or studies of faunal assem-
blages.
Problematic thickness measurements
The explorat ion of cobalt crusts is also fundamentally 
dif ferent from the manganese nodule situat ion in some 
technical aspects. Manganese nodules can be brought 
quickly and easi ly on board with a box corer, similar to 
a backhoe, and then sampled to measure the metal con-
tent, for example. Furthermore, the nodules are rela-
t ively evenly dist r ibuted over the sea f loor. This al lows 
relat ively st raight forward assessment of the deposits by 
photos and video recordings, part icularly with respect 
to the size of the nodules. Sampling and measurements 
of the thickness of cobalt crusts, however, are much 
more dif f icult because rock boulders have to be torn or 
dri l led out. Local thickness dif ferences are poorly con-
strained and the spot sampling is extremely t ime-con-
suming and expensive.
Instruments that could be pulled through the water 
near the bottom to accurately measure the crust thick-
ness while passing over would be much more eff icient. 
This would al low large areas to be studied in a relat ive-
ly short t ime. Scient ists are therefore working to ref ine 
high-resolut ion acoust ic instruments. These send sound 
waves into the sea f loor and record the ref lected 
signals, then calculate the layered structure of the sub- 
bottom. This kind of apparatus is standard technology 
in explorat ion for other resources on the sea f loor. How-
ever, instruments precise enough to measure cobalt 
crust thicknesses to the nearest cent imetre and to 
dist inguish them from the underlying rocks are not yet 
available.
An alternat ive method of assessment might be gam-
ma-ray detectors, which are already being used today 
for measuring rock layers on land. 
Many rocks contain radionuclides, which are unsta-
ble atoms that can decay and emit radioact ive waves, or 
2.21 > Many metal ions end up in the cobalt crusts as “hitchhikers”. In the water, the 
metal ions attach themselves to iron oxide-hydroxide and vernadite molecules, and are 
then deposited onto the porous surfaces with them.
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gamma rays. The detectors can measure these rays. 
Because radionuclides are present in dif ferent combina-
t ions or numbers in every rock unit or st ratum, dif ferent 
rocks can be dist inguished from one another based on 
their gamma-ray patterns. The crusts and the underly-
ing volcanic rocks of the seamounts are signif icant ly 
dif ferent in their mixture of radionuclides. Because this 
method is very precise, the thickness of cobalt crusts 
can be quite accurately assessed. As yet , however, there 
are no appropriate detectors available for rout ine use in 
the deep sea. 
Litt le more than conceptual  studies
It is also st i l l not clear how the crusts can be mined at 
al l in large volumes in the future. So far only conceptual 
plans have been presented and laboratory experiments 
carr ied out. The concepts being worked on by engineers 
include caterpil lar-l ike vehicles that peel the crusts 
away from the stone with a kind of chisel, and pump 
them to the ship at the surface through special hoses. 
Specialists est imate that more than 1 mill ion tonnes of 
cobalt crust material wil l have to be extracted to make 
the mining economical. Presumably, this can only be 
achieved if the crusts have a thickness of at least 4 cen-
t imetres. The caterpil lars need the capacity to handle 
this. Moreover, they will a lso have to be able to work on 
the rough terrain of the seamount f lanks. 
For mining the cobalt crusts – and l ikewise for the 
manganese nodules – the t ransport of minerals f rom the 
sea f loor to the ship also remains a challenge. Pumps 
and valves must be extremely resistant to wear in order 
to withstand the high demands on equipment. Engi-
neers are present ly test ing the durabil ity of hoses and 
pump prototypes using glass marbles, gravel and rubble. 
But it wil l be at least 5 years before a prototype of a con-
veyer system with caterpil lar vehicle, pump technology 
and r iser st r ing can be realized. 
Species-r ich seamounts
With regard to protect ing the environment, it is actually 
fortunate that the technical solut ions for economical 
mining are not yet available, because it is not yet known 
to what extent the mining of cobalt crusts wil l damage 
deep-sea habitats. So far only a few hundred seamounts 
around the world have been thoroughly invest igated by 
marine biologists. Many marine regions along with 
their seamounts have not been invest igated at al l with 
respect to their biology. Biologists therefore deem it nec-
essary to invest igate addit ional areas and biological 
communit ies on seamounts before mining of the crusts 
begins. The later it begins the more t ime they will have 
for this. 
It is known that the species assemblages of sea-
mounts vary signif icant ly from one marine region to 
another. Like mountains on land that , depending on 
their geographical posit ion and height, provide dif ferent 
habitats for dif ferent species, the species composit ion 
and diversity on seamounts also varies. In the past it 
was assumed that many endemic species occurred here. 
More recent studies have not been able to verify this 
presumption.
Seamounts are also important for f ree-swimming 
organisms. This is probably related to the special cur-
rent condit ions here. The circl ing currents, for one, tend 
to keep nutrients near the seamounts. Secondly, nutri-
ent-r ich water is upwelled at seamounts from near- 
bottom currents, which leads to increased plankton 
growth. Because of this abundant supply of food at sea-
2.22 > Visually 
unimpressive, but 
extremely attractive 
for mining and metal 
companies: cobalt 
crusts on the sea 
floor.
79Sea-f loor mining < 
mounts, both sharks and tuna are known to visit them 
frequent ly, for example in the southwest Pacif ic. These 
seamount areas are thus also very important for tuna 
f ishing.
In l ight of the est imated total number of at least 
33,000 seamounts around the world, the knowledge we 
have about them is st i l l fairly l imited because few have 
been thoroughly invest igated. In order to at least rough-
ly est imate the diversity of the deep sea and how strong-
ly deep-sea habitats around the world dif fer f rom each 
other, the GOODS Report (Global Open Oceans and 
Deep Sea-habitats) on the worldwide marine and deep-
sea habitats was commissioned by UNESCO and pub-
l ished in 2009. 
This report divides the ocean into dif ferent biore-
gions. Depth was also especial ly considered. The report 
def ined 14 bioregions within the depth range between 
800 and 2500 metres, which is where the thickest and 
r ichest crusts also occur. The classif icat ion is based on 
biological informat ion from deep-sea expedit ions as 
well as oceanographic parameters, including carbon, 
salt and oxygen content, and the temperatures at cer-
tain depths. The structure of the sea f loor, or topogra-
phy, was also considered. This provided a dist inct ion 
between f lat deep-sea areas, hydrothermal seeps and 
seamounts. This classif icat ion system is st i l l very rough, 
as the authors of the study admit , but the GOODS Report 
helps to predict which habitats can be expected in 
which marine regions. 
Many animal species that l ive on or near seamounts 
are characterized by extremely slow growth rates and 
by producing relat ively few offspring. The cold-water 
corals, for example, which l ive in the deep sea, can l ive 
for hundreds or even up to 1000 years. Some deep-sea 
f ish also l ive to be more than 100 years old. They do not 
become sexually mature unt i l around 25 years of age 
and only produce a few eggs at a t ime. Relat ively large 
numbers of such species are often found at seamounts. 
Because they produce low numbers of offspring, they 
are part icularly endangered by f ishing or destruct ion of 
their habitats. If the adult animals die there may not be 
enough offspring to revive stocks. 
Studies off Australia and New Zealand have shown 
that fauna at seamounts recover very slowly from inter-
vent ion. For example, it has been shown that in areas 
where t rawl nets have been used, even after an inter-
lude of 10 to 30 years of inact ivity, the fauna were sig-
nif icant ly less species-r ich than areas that had not been 
damaged by the t rawl f isheries.
Scarcely studied – l i fe on the cobalt  crusts
To date only a few expedit ions have been carr ied out 
with the explicit goal of invest igat ing the habitats of 
cobalt crusts. Studies carr ied out by Japan between 
1987 and 1999 in cooperat ion with SOPAC member 
states (Secretariat of the Pacif ic Community Applied 
Geoscience and Technology Division) are one example. 
The aim of these expedit ions was to study the habitats 
at locat ions of various mineral resources in the ocean – 
the cobalt crusts, manganese nodules and massive sul-
phides – in the Exclusive Economic Zones of the island 
nat ions Kir ibat i, the Marshall Islands, Micronesia, 
Samoa and Tuvalu. 
Thousands of underwater photographs were taken 
in order to ident ify the presence of organisms. Although 
the areas photographed, at 0.35 to 2 hectares, were rel-
at ively small, the researchers discovered a great diversi-
ty of organisms. In the megafaunal size class (larger 
than 2 cent imetres), many attached, or sessi le, species 
2.23 > At a depth of 
2,669 m, black coral, 
primnoid coral, and 
feather stars cover a 
part of the Davidson 
Seamount off the 
coast of California.
 > Chapter 0280
such as corals and sponges were ident if ied. Sea pens 
and delicate colonies of small polyps were also 
described. The seamounts are characterized by a rocky 
substrate and strong currents, and these kinds of organ-
isms are well adapted to these condit ions. They are al l 
f i lter feeders, and sieve food part icles out of the water. 
Seamounts are an ideal habitat for them because the 
ocean currents provide them with abundant food. In 
addit ion, the photographs revealed crabs, starf ish, sea 
cucumbers and squid, as well as xenophyophores, one-
celled animals several cent imetres in size belonging to 
a family that are usually less than one mill imetre in 
diameter.
Assessing the impacts of mining
Scient ists cal l for more detai led studies of the habitats 
on seamounts with abundant cobalt crust deposits 
before submarine mining can even begin. This applies 
part icularly to the island nat ions in the southwest Pacif-
ic, whose terr itorial waters contain the r ichest crusts. 
After the joint studies with Japan, SOPAC members are 
now carrying out further research at seamounts that 
have been too poorly studied so far. Because cobalt 
crusts are l imited to undersea r ises, their extract ion 
will be on a smaller scale compared to manganese nod-
ules. The sediment cloud produced would also be signif-
icant ly smaller than in the mining of manganese nod-
ules, because no soft sediment would be st irred up. The 
detai ls of cobalt crust mining impacts for the future are 
st i l l unknown. According to experts, the fol lowing 
problems can be expected, which are very similar to 
those for manganese nodule mining:
•	 The	machines	used	to	st r ip	the	crusts	would	st ir	up	
rocks and part iculates. Although these part icle 
clouds would not be as large as in manganese nod-
ule mining, there is st i l l the fundamental hazard of 
a drif t ing cloud that would harm other habitats. 
•	 In	the	harvested	area	al l	sessi le	organisms,	the	pre -
dominat ing groups of organisms on the cobalt 
crusts, would be destroyed.
•	 The	 use	 of	 harvest ing	 machines	 and	 the	 pumping	
and cleaning of crust material would create noise 
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and vibrat ions, which would disturb and drive away 
dolphins and whales.
•	 Waste	water	 accumulated	 during	harvest ing	 of	 the	
crusts would be discharged back into the ocean. 
This would also produce a sediment cloud.
•	 The	 l ights	 on	 the	 ships	 and	 harvest ing	 machines	
could disturb marine birds and mammals as well as 
f ish.
•	 The	disposal	of	 everyday	ship	 refuse	would	pollute	
the ocean.
Proponents of mining stress that manganese nodules 
and cobalt crusts are present as thin layers lying direct-
ly on the sea f loor or on the f lanks of seamounts. In con-
t rast to ore deposits on land, they are thus a two-dimen-
sional resource that can theoret ical ly be extracted with 
relat ively l it t le ef fort . On land, on the other hand, ores 
are extracted from mines or gigant ic open pits, in which 
machines dig more than 100 metres deep into the earth. 
For product ion of these three-dimensional reserves, 
mil l ions of tonnes of earth (overburden) have to be 
removed and t ransported before the actual ore can be 
extracted. This destroys ent ire regions and causes peo-
ple to lose their homelands. Marine mining, however, 
would be a comparat ively small intervent ion because 
only the surface of the sea f loor or the seamount would 
be removed. There would be no need for infrastructures 
l ike st reets or tunnels. There would also be no overbur-
den piles.
Due to the paucity of marine biological studies, the 
advantages and disadvantages of marine mining can 
hardly be evaluated at present. It is st i l l unknown to 
what extent the mining would change l i fe in the sea 
and what the eventual consequences would be for peo-
ple and f isheries. These open quest ions can only be 
answered through cont inued intensive research and the 
necessary f inancial support for appropriate expedit ions.
Some researchers, scept ical biologists in part icular, 
cal l for the harvest ing of large experimental areas in 
pi lot projects before industr ial mining may commence, 
in order to be able to assess the impact of a large-scale 
mining operat ion. Ministr ies of research or the Euro-
pean Union, for example, could provide f inancial sup-
port for such a large-scale test mine.
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A very hot stream of water 
Beside manganese nodules and cobalt crusts, a third 
type of metal-bearing mineral resource is found in the 
sea: massive sulphides. They consist of sulphur com-
pounds, sulphides, which form massive deposits on the 
sea f loor similar to cobalt crusts – thus the name. Mas-
sive sulphides originate at hot vents in the ocean where 
sulphide-enriched water f lows out of the seabed. 
These sites of escaping hot water are called hydro-
thermal vents. They are found along plate boundaries 
and at act ive undersea volcanoes, where the exchange 
of heat and elements between the crustal rocks and the 
ocean takes place due to interact ions between the vol-
canic act ivity and seawater. Seawater penetrates sever-
al thousand metres into the bottom through f issures in 
the sea f loor. At these depths the seawater is heated to 
temperatures of around 400 degrees Celsius by volcanic 
act ivity, whereupon it dissolves metals and sulphur 
from the ambient volcanic rocks. The heated water is 
less dense than the cooler water above, so it r ises quick-
ly and f lows back into the sea. In the ocean, the plume 
of hot water cools again rapidly. This causes the dis-
solved metals to bind into minute sulphide part icles and 
sink as f ine precipitants to the bottom. 
At many hydrothermal vents around the world the 
sulphides have accumulated to form tal l chimney-l ike 
st ructures on the sea f loor. Water shoots out of the f is-
sures into the sea l ike a fountain. More and more mate-
r ial is gradually deposited on the sides of the openings 
and the tower cont inues to grow. Because of their 
appearance, these structures are also called smokers. 
As the escaping water is usually black-coloured by the 
minerals it contains, they are also called black smokers.
The f irst black smokers were discovered in 1979 
during an expedit ion to the East Pacific Rise. They 
caused a sensat ion not only for geologists, but also for 
biologists because they were found to be populated by a 
diverse animal community. Scient ists had not expected 
to f ind so much l i fe in the deep sea. At that t ime it was 
considered to be a bleak and empty landscape.
Hydrothermal vents have now been found in al l 
oceans. They usually form in water depths between 
1000 and 4000 metres.
Massive sulphides occur around the world at plate 
boundaries. Geologists dist inguish 4 dif ferent typical 
areas of origin for hydrothermal vents and the associat-
ed massive sulphides:
AT MID-OCEAN RIDGES: Mid-ocean r idges are moun-
tain ranges in the ocean that circle the globe l ike the 
seam on a baseball. This is where the oceanic plates are 
Massive  su lph ides  in  smoky depths
   > Hydrothermal vents where metal-bearing sulphur compounds cal led mas-
sive sulphides are deposited were discovered in the Pacif ic  in 1979. They are now known to occur 
worldwide. Although the total  amounts found to date are by far  not as great as the cobalt  crusts and 
manganese nodules,  some deposits contain signif icantly larger concentrat ions of copper,  z inc,  gold 
and si lver.  Off the coast of Papua New Guinea mining could begin as soon as 2016.
2.26 > Distribution 
of hydrothermal 
vents by depth 
and type of origin.
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Sulphides are chemical 
compounds of sulphur 
and metal. The com-
ponents of massive 
sulphides include iron 
sulphide (pyrite), 
copper sulphide (chal-
copyrite), and zinc 
sulphide (sphalerite), 
as well as sulphides of 
other metals such as 
gold and silver. The 
relatively high content 
of precious metals 
makes the massive 
sulphides promising 
for ocean mining.
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drif t ing apart . The separat ion produces fractures in the 
seabed through which water sinks to great depths to be 
heated at magma chambers. 
AT ISLAND-ARC VOLCANOES: Island-arc volcanoes are 
formed when one oceanic plate is forced beneath anoth-
er one under the sea. The subducted rocks melt at great 
depths and then r ise as magma. Over t ime a large volca-
no grows. As long as the volcano does not reach the sea 
surface, it is cal led a seamount. Hydrothermal vents can 
form near the crowns of these underwater volcanoes. 
Many islands in the southwest Pacif ic have formed by 
this kind of subduct ion of oceanic plates and the r ising 
of magma. There are usually a number of these volca-
noes l ined up in an arc along the subduct ing plate 
boundary because of the spherical form of the Earth. 
They are then called island arcs.
VOLCANOES BEHIND ISLAND ARCS (back-arc basins): 
When one plate submerges beneath another, tension is 
produced in the overlying plate. Subduct ion of the sink-
ing plate causes the overlying plate to thin and pull 
apart , unt i l it f inally splits open. In many cases this 
kind of tension occurs several dozen kilometres behind 
the act ive island-arc volcanoes. This area is therefore 
referred to as the back-arc basin.
AT INTRAPLATE VOLCANOES: In addit ion to plate 
boundaries and subduct ion zones, volcanoes also form 
in the plate interiors. In these cases magma rises 
through f issures, burning its way through the Earth’s 
crust l ike a blowtorch. Because they form at individual 
sites or points, they are called hotspots. Single, isolated 
hydrothermal vents can also be found at these hotspots. 
The Hawaiian island group is an example of intraplate 
volcanoes. It was formed as the oceanic plate slowly 
moved across the hotspot. At various points magma has 
erupted to build up the islands. 
Uncounted hydrothermal vents
To date, expedit ions have discovered around 187 act ive 
hydrothermal vents with massive sulphides. An addi-
t ional 80 known hydrothermal vents are no longer 
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67,000 kilometres, and the island-arc volcanoes a length 
of around 22,000 kilometres, there could be around 
90,000 hydrothermal vents worldwide. Researchers 
assume that large areas may be found every 50 to 100 
kilometres that contain up to 100 black smokers. It is 
predicted that there are around 500 to 1000 sites 
around the world with large massive sulphide deposits. 
The size and metal content of massive sulphides, 
however, are dif f icult to measure. This is because the 
hot-water plume escaping from act ive smokers disperses 
rapidly and the sulphides, in part , are carr ied away by 
the currents. Massive sulphide areas extending 10 to 
hundreds of metres can thus be formed that contain 
several mil l ion tonnes of massive sulphides. At a single 
glance, however, it is not possible to tel l how large an 
occurrence is; this requires bottom samples or dri l l 
cores. This cost ly sampling process is also necessary to 
determine the metal content.
Based on the analyses of many bottom samples car-
r ied out in recent decades, researchers believe that mas-
sive sulphide deposits containing valuable metals such 
as copper and gold that are actually large enough for 
economic mining occur at relat ively few hydrothermal 
vents. Moreover, many of the regions are in rough ter-
rain that is unsuitable for the mining equipment. 
Geological studies have shown that large deposits 
can only form when one or more of the fol lowing condi-
t ions are met:
•	 The	hydrothermal	vent	was	act ive	for	at	least	sever -
a l tens of thousands of years, giving t ime for a suff i-
cient amount of material to accumulate.
•	 The	plates	at	the	mid-ocean	r idge	or	in	the	back-arc	
basin may only spread apart at very slow rates. Oth-
erwise new f issures would constant ly be forming 
with numerous small vents, and no single site with 
large amounts of sulphide enrichment could devel-
op. Project ions suggest that 86 per cent of al l mas-
sive sulphide deposits occur at f ractures where the 
plates are spreading apart at the low rate of no more 
than 4 cent imetres per year. Only 12 per cent of the 
massive sulphide deposits are found at r i f ts where 
the spreading rate is 4 to 8 cent imetres per year. In 
addit ion, these deposits are usually smaller in size. 
Black ,  white ,  grey,  and somet imes even ye l low
Although they are generally referred to as massive sulphides, str ic t ly 
speaking the deposits at hydrothermal vents are character ized by 3 dif fer-
ent kinds of sulphur associat ions: sulphides, sulphates, and native sul-
phur. Which compounds predominate depends on the temperature of the 
hydrothermal vent as well as the chemical condit ions in the hydrothermal 
f luid. The hottest known vent has a temperature of 407 degrees Celsius. 
At all others the temperature of the escaping l iquid is signif icantly lower. 
Sulphides predominate at hydrothermal vents with temperatures between 
330 and 380 degrees Celsius. Because these sulphur compounds are black, 
the vents are called black smokers. At white smokers, on the other hand, 
the prevail ing temperatures are below 300 degrees Celsius. White sul-
phate compounds are more abundant here. There are also grey smokers 
that discharge both sulphides and sulphates. Yellow smokers occur in 
some regions. These are located at act ive volcanoes. The water tempera-
tures here are below 150 degrees Celsius and pr imarily yellow native sul-
phur is extruded.
act ive, but massive sulphides are found here that were 
deposited in the past . Furthermore, 30 sites are known 
where high-temperature hydrothermal solut ions f low 
out of the seabed but no massive sulphides have formed. 
There could, however, be sulphide deposits below the 
surface here. So there are a total of around 300 hydro-
thermal vents or massive sulphide deposits known 
today. 58 per cent of these are located at mid-ocean 
r idges, 26 per cent at the back-arc spreading zones, 
16 per cent at island-arc volcanoes, and one per cent on 
intraplate volcanoes. 
Researchers assume that the worldwide number of 
hydrothermal vents, and thus of massive sulphides, is 
much larger. This is based on est imates of the geother-
mal heat f lux of the Earth. The amount of heat generated 
in the Earth’s interior and that released by magmat ism 
and volcanism is accurately known today. This heat 
amounts to 1.8 t r i l l ion watts, equivalent to the output of 
one mill ion nuclear power plants. According to the est i-
mates, a port ion of the heat is released through hydro-
thermal vents. Based on the calculat ions, some research-
ers reckon that there is one hydrothermal vent for every 
kilometre of mid-ocean r idge or back-arc spreading 
zone. Considering that the mid-ocean r idges and back-
arc spreading zones together have a total length of about 
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2.28 > The number of 
hydrothermal vents is 
difficult to determine 
because they are 
dispersed around the 
world. 187 active and 
80 inactive hydrother-
mal vents where mas-
sive sulphides have 
formed are known to 
exist.
2.29 > Hydrother-
mal vents develop 
in different kinds of 
magmatically active 
areas where water 
penetrates to great 
depths and is heated. 
These areas include 
island-arc volcanoes, 
for example, which 
are formed when 
rocks plunging far be-
low the sea floor are 
melted. Behind the is-
land arcs, the seabed 
ruptures due to the 
spreading motion 
of the Earth’s crust, 
allowing magma to 
rise. Mid-ocean ridges 
form when oceanic 
plates drift apart. 
Intraplate volcanoes, 
on the other hand, 
originate at weak 
points in the crust.
 Is land-arc volcano
Oceanic
crust
LITHOSPHERE
(Ear th’s crust)
ASTHENOSPHERE
(mant le)
Back-arc basin volcano
Dormant hydrothermal vents
Act ive hydrothermal vents
Mid-ocean r idge
Intraplate volcano
Hot spot
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The cha l lenging search for hydrothermal vent s and prof i t able massive sulphide deposi t s 
Many hydrothermal vent s have been found by coinc idence dur-
ing expedit ions in magmat ica l ly ac t ive ocean regions. The search 
for new hydrothermal vent s is dif f icult because areas jus t a few 
tens to a hundred metres in s ize must be found within the vast 
ocean. For this search, mar ine sc ient is t s usua l ly employ sensors 
lowered from the ship on a s teel cable. The sensors can recog-
nize hot water plumes by measur ing the turbidity of the water, 
the temperature, or chemica l s ignals . 
However, measurements can only be made at selec ted point s at 
a par t icular s ite. In recent years, therefore, autonomous under-
water vehic les (AUVs) have been increasingly used. The torpedo- 
shaped AUVs are a lso equipped with these sensors. They are 
capable of travel l ing freely through the water and diving down to 
the sea f loor. Af ter an excursion of around 20 hours they return 
to the ship.
With the help of autonomous underwater vehic les, a s many as 
10 new hot water plumes have been discovered on a s ingle 
expedit ion. They cannot determine the prec ise posit ion of the 
vent , however. Fur thermore, i t cannot be known whether there 
is ac tua l ly a hydrothermal vent at the seabed with sulphide-r ich 
black smokers. This can only be conf irmed by the use of towed 
cameras, cameras on bathyscaphes or submers ib le robot s, or 
with sonar ins truments that can reproduce the image of individ-
ual chimneys us ing acoust ic s ignals . It is therefore necessary to 
dis t inguish between proven and unconf irmed hydrothermal 
vent s. Current ly, in addit ion to the known occurrences, an addi-
t ional 200 unconf irmed hydrothermal vent s have been ident i-
f ied.
Old massive sulphide deposit s at dormant hydrothermal vent s 
are a lso best ident if ied by camera observat ions near the bot tom. 
A useful indicator for these is s ta ining on the sea f loor such as 
rust , which suggest s the presence of i ron. Init ia l ly, the s ize of 
such a deposit is roughly es t imated. One technique researchers 
use to es t imate thickness is to observe whether the deposit is 
higher than the surrounding sea f loor. Using data from past 
exper ience the density of the sulphide is es t imated. They then 
der ive an approximate tonnage based on the area covered by the 
deposit and the es t imated density. 
It is now known that the es t imates based on underwater pic-
tures have frequent ly been too high, because subsequent analy-
ses have of ten revea led that hardly any sulphides were in the 
seabed. As dr i l l ing is very expensive, however, ef for t s beyond 
the init ia l es t imates are of ten not carr ied out. 
Fur thermore, s t i l l  l i t t le is known about how the meta ls are dis-
t r ibuted in the massive sulphide deposit s . In some areas i t has 
been conf irmed that the meta ls are mainly concentrated on the 
sur face of the deposit whi le in the inter ior the concentrat ion 
drops sharply. A deposit is only prof itable, however, when both 
the tonnage and the content of the desired meta l are large 
enough. Many of the occurrences known today do not meet 
these condit ions. 
On the other hand, sc ient is t s a ssume that there are many old 
massive sulphide deposit s hidden in the vastness of the deep sea 
that could be very interest ing economica l ly. It is t rue that the 
volcanica l ly ac t ive zones in which ac t ive hydrothermal vent s are 
found are usual ly only a few ki lometres across. But s ince the 
ent ire ocean was formed, af ter a l l , through this kind of volcanic 
ac t iv ity, i t s tands to reason that massive sulphide deposit s must 
exis t everywhere throughout the ocean. Over t ime, many of 
these occurrences have probably been covered by thick layers of 
younger sediments. It is thus very dif f icult or maybe even impos-
s ib le to discover these. Even if the massive sulphide deposit s 
could be found, mining them would only be economic i f the 
sediment layers were thin and could be removed without much 
ef for t . 
2.30 > A research ship crew member deploys an autonomous under-
water vehicle (AUV) equipped with sensors into the sea.
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Very few massive sulphide deposits occur at r i f ts 
with more rapidly spreading plates (greater than 
8 cent imetres per year).
•	 The	 hydrothermal	 vent	 is	 covered	 by	 sediments,	
which are enriched from below by sulphides r ising 
from the subsurface. In this situat ion the f ine sul-
phide part icles form when the hot water reacts with 
the cooler water in the pores of the sediments. The 
metals can be highly enriched in such sediments 
because the sulphides are not dispersed by water 
currents, as they are at black smokers. There are, 
however, very few known deposits of this kind.
More precious than nodules and crusts
Compared to the bil l ions of tonnes of manganese nod-
ules and cobalt crusts, the est imated amounts of mas-
sive sulphides, at a total of a few hundred mill ion 
tonnes, are much smaller. Est imates of the total amounts 
are extremely dif f icult , however, because to date only a 
fract ion of the total occurrences have been discovered. 
Furthermore, presumably not al l of the est imated 500 to 
1000 large occurrences can yield valuable metals. The 
massive sulphide occurrences of the East Pacif ic Rise, 
and in part those of the Mid-At lant ic Ridge, contain 
most ly iron sulphide, which has no economic value.
The deposits in the Bismarck Sea east of Papua New 
Guinea are one example of economically promising 
massive sulphides. They have high contents of copper 
and zinc. The contents of gold and si lver are also consid-
erable. The concentrat ion of gold in some of the deposits 
here is around 15 grams per tonne. That is about 3 t imes 
as much as in typical deposits on land. The si lver con-
tent here is commonly between 100 and 300 grams per 
tonne, with peak values of 642 grams per tonne in the 
Solwara Field in the western Bismarck Sea. This is sig-
nif icant ly higher than the concentrat ions in manganese 
nodules and cobalt crusts, which only reach values of 
about one gram of si lver per tonne. The highest propor-
t ions found on land are 100 to 160 grams of si lver per 
tonne. 
Many chemical elements are found in relat ively 
small amounts in massive sulphides, including manga-
nese, bismuth, cadmium, gall ium, germanium, ant imo-
ny, tel lurium, thall ium and indium. In some deposits, 
however, especial ly at island-arc volcanoes, these ele-
ments can be more highly concentrated. 
Which metals are contained in the massive sul-
phides and at what concentrat ions depends principally 
on the composit ion of the rocks beneath the hydrother-
mal vents and on the temperature of the escaping water. 
The contents f luctuate, therefore, not only from region 
to region, but also within a single massive sulphide 
occurrence or at an individual black smoker. This is 
because the temperature drops with increasing distance 
from the hydrothermal vent. Minerals that are r ich in 
copper often form in the core of the smoker. In the outer 
zone of the porous smokers the hot f luids are mixed 
with the cold seawater, and minerals with other metals 
are deposited, for example pyrite, sphalerite, or marca-
site, which are r ich in iron and zinc. This zonat ion is 
also observable at larger scales: at the margins of mas-
sive sulphide occurrences the smokers have lower out-
f low temperatures, so these precipitate dif ferent miner-
als. Because expedit ions in the past have often only 
taken massive sulphide samples direct ly from the chim-
neys themselves, it is st i l l not well known how the met-
als are dist r ibuted within an area. The composit ion of 
the massive sulphides varies not only with distance 
from the hot vent, however, but also with depth, and 
there is l it t le data available regarding this. Only small 
numbers of expedit ions or research ships have special 
dri l l ing equipment available for taking samples. In 
order to assess how prof itable a deposit is and how high 
the metal content is, much addit ional dri l l ing will be 
necessary in the future.
Region Gold (Au) 
in grams per tonne
Silver (Ag) 
in grams per tonne 
Manganese nodules in the  
Clarion-Clipperton Zone (CCZ)
0.0045 0.17
Cobalt crusts in the  
Prime Crust Zone (PCZ)
0.013 4
Massive sulphides in Solwara 03 
(central Manus Basin)
15.2 642
Massive sulphides in Solwara 09 
(eastern Manus Basin)
19.9 296
Massive sulphides in Solwara 18 
(western Manus Basin)
0.2 110
2.31 > Massive 
sulphides are notable 
for their high gold 
and silver content, 
which in part greatly 
exceeds that of 
manganese nodules 
and cobalt crusts. But 
by no means every 
massive sulphide 
occurrence is rich in 
precious metals. Even 
within a single region 
such as the Manus 
Basin of Papua New 
Guinea, occurrences 
are found with 
highly variable gold 
and silver contents. 
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2.32 > Water at temperatures of up to  
380 degrees Celsius is released at black  
smokers. It contains sulphides, sulphur  
compounds that give a dark colour to  
the water.
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First  act ivity in the South Pacif ic 
Like the cobalt crust occurrences, important massive 
sulphide deposits are found not only in internat ional 
waters of the high seas, but also in the Exclusive Eco-
nomic Zones (EEZ) of a number of island states. Here the 
appropriate local governments and not the Internat ional 
Seabed Authority will determine the condit ions for 
future extract ion act ivit ies.
Plans for mining in the Bismarck Sea off Papua New 
Guinea are already at an advanced stage. The govern-
ment there is working with a Canadian company which, 
in turn, includes part icipat ion by large commodit ies 
companies from Canada, Russia and South Africa. The 
plans were temporari ly on hold due to arbit rat ion pro-
ceedings related to the payment of project costs. An 
arbit rator was f inally able to bring the part ies to an 
agreement in October 2013. It now appears that a con-
t ract wil l be awarded to a shipyard in the spring of 2014 
for the construct ion of a special ship for massive sul-
phide mining. The seabed crawlers for working on the 
bottom have already been built . In the future, vehicles 
weighing from 3 to 300 tonnes will be used: one large 
and one small rock cutter plus a collect ing machine to 
retr ieve the pieces of massive sulphide. According to 
the manufacturer, the technical challenges can be easi-
ly overcome. The company has been producing heavy 
crawler vehicles called t renchers that are used to lay 
underwater cables. These have been operated in even 
deeper waters. The rock mixture will be pumped from 
the collect ing machine into a large container that r ises 
and sinks between the ship and sea f loor. The container 
is f i l led with blocks of massive sulphides on the bottom 
and then raised to the ship, empt ied, and lowered to the 
sea f loor again. The partners expect mining operat ions 
to begin around 2016.
Limited exploration l icences
Comparable progress has not been achieved in interna-
t ional waters because explorat ion and mining there are 
central ly regulated and coordinated by the ISA. Licenc-
es have already been awarded to China and South Korea 
for areas in the Indian Ocean, and to France and Russia 
for areas on the Mid-At lant ic Ridge. Other states have 
just recent ly applied for, or wil l soon apply for explora-
t ion l icences. Germany is planning for the Indian 
Ocean, for example. The ISA will f irst have to rule on 
these applicat ions. Overall, however, the same scenario 
is expected for massive sulphide deposits as wil l l ikely 
occur for the mining of cobalt crusts and manganese 
nodules: while mining in internat ional waters wil l not 
happen in the immediate future, individual states, in 
cooperat ion with mining or resource concerns, could 
get a head start by beginning to mine in their own EEZs. 
For Papua New Guinea, for example, mining is interest-
ing because the massive sulphide deposits off their 
coast have high gold and si lver contents. 
Extreme habitat ,  many special ized species
Hydrothermal vents are not only providers of resources, 
but also extraordinary habitats. In spite of the host i le 
condit ions, such as temperatures over 350 degrees Cel-
sius and the sl ight ly acidic hydrothermal f luids enriched 
in toxic metal compounds, a unique natural community 
has evolved here over mill ions of years, perfect ly adapt-
ed to the inhospitable environment.
Normally the sun is the source of energy for l i fe in 
the ocean. It causes algae to f lourish, which use the 
sunlight and photosynthesis to construct high-energy 
molecules l ike sugar. This is cal led primary produc-
tion , and is the base of the food web in the ocean.
But it is dark at the hydrothermal vents. Primary 
product ion here is performed by chemoautotrophic 
bacteria, which exploit the energy-r ich chemical com-
pounds found at the hydrothermal vents and alter them 
into molecules that can also be used by other organisms. 
The bacteria can endure water temperatures greater 
than 100 degrees Celsius and thus occur near the smok-
ers. The bacteria or the products of their metabolism 
provide nourishment for higher organisms such as mus-
sels, and these in turn for other organisms. Communi-
t ies with up to 600 dif ferent species can thus be found 
at the vents, including, for example, snails of the genus 
Alviniconcha , which can tolerate temperatures up to 
45 degrees Celsius. Many of these animal groups l ive 
exclusively at hydrothermal vents. Because of the con-
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t inuous inf lux of nutrients, the organisms are present in 
great numbers. Expedit ions have somet imes recorded 
hundreds to thousands of animals within one square 
metre of sea f loor.
What is  rare?
Whether there are endemic species l iving at the hydro-
thermal vents in the deep sea that only occur in a l imit-
ed area, or in extreme cases only at a single massive 
sulphide deposit , is a vital quest ion for mining, because 
it could bring about their ext inct ion. Biologists are thus 
t rying to determine the extent of dist r ibut ion of certain 
species – whether they l ive in a larger oceanic region 
l ike the Indian Ocean at numerous hydrothermal vents 
or are l imited to a smaller region such as the Bismarck 
Sea.
In fact , scient ists have found dif ferences between 
dif ferent ocean regions. Large tube worms predominate 
in areas of the eastern Pacif ic, but have never been 
found in the At lant ic or Indian Oceans, or in the south-
west Pacif ic. At the Mid-At lant ic Ridge, on the other 
hand, large numbers of deep-sea shrimps are found 
l iving with symbiontic chemoautotrophic bacteria on 
their bodies, which provide them with nutrients. And 
f inally, in the Indian Ocean, deep-sea shrimps as well 
as anemones and snails are found with symbiont ic bac-
teria.
Because of the various discoveries, attempts have 
been made to categorize hydrothermal vents into bio- 
geographic provinces based on similarit ies of the bio- 
logical communit ies and the geological st ructures. To 
this end researchers have interpreted data from expedi-
t ions and used stat ist ical methods to compare individ- 
ual organism counts from 63 hydrothermal vents.
According to this analysis there are 6 dif ferent prov-
inces in which, to a large extent, dif ferent species occur. 
The provinces are the Northwest Pacif ic, the Southwest 
Pacif ic, Northeast Pacif ic, Northern East Pacif ic Rise, 
Southern East Pacif ic Rise, and the Northern Mid-At lan-
t ic Ridge.
Of course, to some degree, related or even the same 
species occur in dif ferent provinces. The researchers 
have thus t r ied to discover whether and how species 
2.33 > Off Papua New 
Guinea, the mining 
of massive sulphides 
should begin by 2016. 
The heavy chassis 
of the rock cutter, 
which will work on 
the sea floor, is ready.
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Metal- r ich br ines in the Red Sea
The sulphide-r ich sediments at the bot tom of the Red Sea are a 
specia l kind of sulphide deposit . The sulphides do not occur in 
sol id form here, but as a viscous metal l i ferous s ludge. The cause 
of sulphide format ion in the Red Sea is a lso subsur face magmatic 
ac t ivity. 
The Red Sea formed where the Afr ican and Arabian plates are 
moving apar t . Each year the plates dr if t about 1 cent imetre far-
ther apar t , so that the Red Sea is s lowly but s teadi ly growing. The 
frac ture l ine between the plates runs a lmost exact ly a long the 
middle of the Red Sea from nor thwest to southeast. At some 
places in the r if t zone there are deep basins where br ines form on 
the bot tom. 
A 200-metre-thick layer of extremely sa lty, heavy water col-
lec t s in these basins in the way that a haze of fog l ies in a val ley. 
With a temperature of over 60 degrees Cels ius, this water comes 
from salt-r ich rock layers on the f lanks of the Red Sea and is con-
centrated here. It s sa l inity of around 26 per cent is 7 t imes as 
sa lty as normal seawater. It is therefore very dense and f lows into 
the deep basins. Hydrothermal solut ions enr iched with sulphides 
r is ing up from the depths mix with the warm sal ine water, and the 
metals dissolved in the water combine chemical ly with sulphide 
par t ic les. The par t ic les s ink to the bot tom and form the metal- 
r ich muds. 
The largest deposit of sulphide sediments in the Red Sea is 
located in the At lant is I I Deep, a 2000-metre-deep basin the s ize 
of Manhat tan that l ies between Saudi Arabia and the Sudan. This 
is considered to be the largest sulphide deposit in the wor ld, the 
massive sulphide deposit s included. 
This area was intensively explored as ear ly as the 1970s, and 
valuable metals such as zinc, copper, s i lver and gold were found. 
At that t ime, working together with the Red Sea Commission – a 
cooperat ive between Saudi Arabia and the Sudan – a German 
industr ia l consor t ium dr i l led over 490 exploratory wel ls in the 
muddy bot tom. This makes the area one of the most thoroughly 
s tudied sulphide occurrences in the wor ld. Fur thermore, in 1979, 
around 15,000 cubic metres of mud were brought to the sur face 
using a prototype vacuuming system. 
Like other mar ine mining plans, however, this cooperat ive was 
abandoned in the ear ly 1980s because there were enough 
resources on the wor ld market from land deposit s. Later, due to 
higher metal pr ices on the wor ld market, interest in the muds was 
renewed. In 2010 a Saudi Arabian-Canadian consor t ium received 
a product ion l icence for 30 years. Again, the area was explored in 
cooperat ion with German researchers. But to date no concrete 
plans have been made because metal pr ices have recent ly fa l len 
again. 
In a l l, i t is est imated that the At lant is I I Basin contains muds 
with a dry weight of around 89.5 mil l ion tonnes, which is a very 
large amount compared to the other massive sulphide occurrenc-
es on the sea f loor. The metal contents in the sediments are low-
er, however, than in the massive sulphides of the Bismarck Sea, 
for example. According to current est imates, the muds of the 
At lant is I I Basin contain 3 mil l ion tonnes of zinc, 740,000 tonnes 
of copper, 6500 tonnes of s i lver and 46 tonnes of gold. Compared 
to the global reserves of these metals, these values l ie in the s in-
gle-digit per cent, or even the per mil l range. 
For the Sudan or Saudi Arabia, however, which have no metal 
reserves of their own to speak of, mining could become interest-
ing in the future if metal pr ices r ise again. However, s tandard 
mining equipment wil l f ir s t have to be developed. One problem is 
that the warm salty water is very corrosive to any kind of mining 
equipment.
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2.34 > The Atlantis II Deep lies in the middle of the Red Sea. Metal-
rich sulphide brines rest at its bottom.
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have been able to disperse over thousands of years from 
one province to another. The East Pacif ic Ridge appears 
to play a central role as a kind of hub of species disper-
sal. It must be kept in mind here, however, that more 
and more dif ferences are being ident if ied between sim-
i lar species through modern genet ic studies, and at 
many sites such genet ic invest igat ions have not yet 
been carr ied out. It is st i l l uncertain whether some 
apparent ly indist inguishable species are t ruly ident ical.
Besides the species that are adapted in special ways 
to the hydrothermal f luids, there are also serious threats 
to those that are found on the massive sulphides of 
dormant hydrothermal vents. This habitat is colonized, 
for example, by deep-sea corals, sponges and barnacles. 
Similar to other deep-sea organisms, these are rare, 
grow very slowly, and produce few offspring. For these 
reasons they are especial ly endangered. If the parent 
animals die, then there are sparse young remaining to 
rebuild the stocks.
Generally speaking, there is st i l l very l it t le known 
today about the biology of deep-sea animals. There are 
st i l l quest ions that must be answered before we can 
understand how and whether animal communit ies can 
recover af ter a disturbance on the scale of massive-sul-
phide mining. It is, for example, st i l l unknown how 
abundant or rare the species are, in which habitats they 
l ive, how far apart these habitats are, and how or wheth-
er the animals can spread from one habitat to another. 
Only then would a recolonizat ion of harvested areas be 
possible at al l.
Before the mining begins …
To minimize as far as possible the damage that could 
result f rom the mining of massive sulphides, experts 
suggest carrying out addit ional studies to determine the 
extent to which endemic species could be affected. This 
would necessitate dist inguishing between massive sul-
phides at act ive hydrothermal vents and old massive 
sulphides at dormant vents. Because of the extreme lev-
el of specializat ion by denizens of the hydrothermal 
vents, they are assumed to be more l ikely to l ive in nar-
rowly l imited ocean regions and be endemic. The nor-
mal, common deep-sea species are more widely dist r ib-
uted. Because of their slow growth and low number of 
offspring, however, special care must be taken to pre-
vent eradicat ion of ent ire local stocks. Both of these 
kinds of species would presumably have a greater 
chance i f the deposits were only part ly harvested, pre-
serving areas from which the harvested areas could be 
recolonized. Alternat ively, massive sulphides could be 
exclusively produced in areas where it is known that 
other hydrothermal f ields exist nearby that host the 
same species assemblages.
Nor th West Pacif ic
Nor th
East
Pacif ic
Nor thern
East Pacif ic
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Nor thern
Mid-At lant ic
RidgeSouthern
East Pacif ic
Rise
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South West Pacif ic
2.35 > Different 
animal species 
predominate in the 
hydrothermal vent 
habitats of the vari-
ous worldwide marine 
regions. Through 
statistical analyses 
of the fauna at 63 
hydrothermal vents, 
researchers were able 
to identify 6 bio-
geographic provinces 
with clearly different 
species assemblages.
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Conclus ion
Ocean mining –  
not a gold rush but an option                                            
For decades people have been extract ing mineral 
resources from the sea, including diamonds off 
Namibia or sand from the coastal areas of Europe 
for f i l l ing depleted beaches. In Europe alone around 
93 mill ion tonnes of sand are extracted from the 
sea each year – a quant ity which equals the vol-
ume of 37 Cheops Pyramids. 
Governments and industr ial corporat ions plan 
to produce even more from the sea in the coming 
decades. Specif ical ly, they aim to extract hundreds 
of mil l ions of tonnes of metal-bearing minerals 
that are found on the sea f loor in 3 forms: f irst ly, as 
potato-sized manganese nodules; secondly, as hard 
coat ings on the f lanks of undersea volcanoes called 
cobalt crusts; and thirdly, as massive deposits that 
have formed at hot, mineral-r ich deep-sea vents 
known as massive sulphides. 
These resources are of interest because they 
contain large amounts of economically interest ing 
metals, some of which great ly exceed the known 
amounts in deposits on land. The manganese nod-
ules in the Pacif ic manganese nodule area of the 
Clarion-Clipperton Zone alone contain around 
5 bil l ion tonnes of manganese, which is some 
10 t imes as much as the economically minable 
deposits on land today. Many of the marine metal 
occurrences have been known since the 1970s. 
Even then manganese nodules were excavated 
from the Pacif ic in pi lot projects. For a long t ime 
mining of the sea f loor remained unattract ive 
because there were enough resources on land and 
metal prices were relat ively low. But in the past 
decade, mainly due to growing demand in the new-
ly industr ial izing countries, especial ly in China, 
prices have r isen strongly. 
Marine mining is interest ing for various rea-
sons. For one, demand for chemical elements con-
tained in the marine deposits is r ising because of 
new high-tech applicat ions such as smartphones. 
For another, many of these elements are only 
mined in a few countries. China, in part icular, has 
a dominant market posit ion. Many states would 
therefore l ike to secure their own claims on the 
sea f loor. It is problemat ic that many hundreds of 
square ki lometres of seabed will be negat ively 
impacted by ocean mining. Marine biologists are 
concerned that mining will destroy deep-sea habi-
tats. To prevent a gold rush in the ocean, the Inter-
nat ional Seabed Authority (ISA) was established in 
Jamaica in 1994. It awards l icence areas in interna-
t ional waters to interested states and ensures that 
developing countries will a lso be able to share in 
the benefits. In addit ion, the Authority has nego- 
t iated regulat ions for the protect ion of deep-sea 
environments. Licence areas cannot be completely 
mined out. Some areas have to remain untouched 
so that they can contribute to the recolonizat ion of 
the mined areas.
To what extent, or whether at al l the mining of 
the sea will develop is st i l l uncertain. No mining 
equipment suited to the task is available yet , and 
some metal prices, af ter an interlude of extreme 
increases, have dropped again, so that deep-sea 
mining now appears less economical. However, 
some 200-naut ical-mile zones, where the ISA is 
not responsible, are st i l l thought to be promising. 
Within these zones the coastal states decide for 
themselves when and under what environmental 
and safety standards metals are extracted. Of par-
t icular interest are the 200-naut ical-mile zone of 
Papua New Guinea, where massive sulphides with 
high gold and si lver contents are found, and the 
Cook Islands, where cobalt-r ich manganese nod-
ules are located. Mining of the precious-metal- 
bearing deposits in Papua New Guinea appears to 
be economical today. An industr ial consort ium 
wants to begin mining there by the end of 2016.
 > Chapter 0394
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95Energy from burning ice < 
   > In addit ion to abundant minera ls ,  there a re la rge amounts of methane hydrate 
beneath the sea f loor.  Some count r ies hope to become independent of energ y impor t s by exploit ing 
mar ine gas hydrate deposit s near their  own coast s .  The technolog y for produc t ion, however,  is  not yet 
available .  Fur thermore,  the r isks to c l imate s tabil i t y and hazards to mar ine habitat s assoc iated with 
ex t rac t ion of the methane hydrates must f i r s t  be c la r i f ied.
 > Chapter 0396
The discovery of a new resource
Methane is a commonly occurring molecule in wide-
spread use: it is the principal combust ible component of 
natural gas. Depending on its quality, natural gas con-
tains 75 to 99 per cent methane. Addit ional components 
may include the gases ethane, propane or hydrogen sul-
phide. At room temperature and normal atmospheric 
pressure at the Earth’s surface, methane exists as a gas. 
At lower temperatures and higher pressures, however, 
it can, in the presence of water, form an ice-l ike solid 
called methane hydrate. In the hydrate, methane is 
compressed to a density of about 160 t imes that of nat-
ural gas. This means that one cubic metre of hydrate 
contains about 160 cubic metres of gas. So with break-
down of the hydrate a huge amount of methane gas is 
released.
We have known about methane hydrate since the 
1930s. At that t ime natural gas providers complained 
that their gas l ines and valves would freeze up in cold 
weather. What was disconcert ing was that somet imes 
they froze at temperatures above the freezing point of 
water. Clearly the blockage could not have been caused 
by normal water ice. Researchers discovered that the 
ice-l ike deposits were a substance composed of methane 
and water. Addit ives were subsequent ly added to the 
gas to prevent the undesirable format ion of methane 
hydrates. 
Init ial ly methane hydrate was believed to be a phe-
nomenon limited to industr ial plants. But in the 1960s 
Russian scient ists created a minor sensat ion when they 
unintent ionally retr ieved chunks of methane hydrate 
while dri l l ing into the Earth’s surface.
They thus provided solid evidence that methane 
hydrate could occur naturally. Soon thereafter U.S. 
researchers verif ied the presence of methane hydrate in 
the permafrost of Alaska. This led them to the assump-
t ion that methane hydrates could occur commonly in 
nature, so they began to search for it g lobally, including 
beneath the oceans. The f irst large occurrences were 
discovered in 1971 on the f loor of the Black Sea, and in 
the early 1980s off the coast of Alaska. Today it is 
known that methane hydrate occurs in al l oceans, pri-
mari ly on the cont inental margins.
It is est imated that around ten t imes more methane 
is stored in hydrates below the sea f loor than is present 
in al l other convent ional natural gas deposits. Methane 
hydrate is thus seen as a very promising fossi l energy 
source for the future. Explorat ion for methane hydrate 
deposits in the seas has consequent ly intensif ied over 
the past 10 years. Part icular interest has been shown by 
countries l ike Japan, South Korea and Taiwan. They 
have almost no fossi l energy reserves of their own and 
therefore depend on the import of large quant it ies of 
gas, coal and oi l. With methane hydrates from their own 
terr itorial waters they could signif icant ly decrease their 
dependence on imports and their exposure to energy 
prices, which have recent ly r isen steeply.
First  methane, then hydrate
Methane hydrates develop naturally only in areas 
where suff icient methane is present. This gas can de-
velop beneath the sea f loor in two dif ferent ways:
•	 Biogenic methane is formed in the sea f loor by the 
microbial breakdown of biomass. The biomass con-
sists of dead planktonic organisms such as micro-
algae or kri l l that sink through the water column to 
the sea f loor and build thick sediment packages over 
t ime. Methane-producing microorganisms break 
down the biomass into methane and carbon dioxide. 
From plankton to  hydrate
   > The existence of methane hydrate has been known of since the 1930s. 
But only in the past 10 years has i t  become an object of ser ious consideration as a potential  fossi l 
energy source for the future.  I t  is  now possible to project  the avai lable global amounts with some 
confidence.  Researchers are trying to identify the highest-yielding deposits.
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Flammable ice made of methane and water
3.1 > In methane hydrate the methane molecule is surrounded by many water molecules (H2O). The water’s oxygen atoms are shown in blue and the 
hydrogen atoms are green. Weak electrostatic forces between the atoms, called hydrogen bonds, hold the methane hydrate together. The methane 
molecule in the centre of the clathrate consists of 1 carbon (C) atom (red) and 4 hydrogen (H) atoms (green), which are arranged like the corners 
of a pyramid. Thus, the chemical formula for methane is CH4. Under atmospheric pressure the methane hydrate slowly breaks down and releases 
the methane, which is flammable.
Methane hydrate is formed when water and methane gas combine 
at temperatures below 10 degrees Celsius and pressures greater 
than 30 bar, or 30 times normal atmospheric pressure. The meth-
ane is surrounded by water molecules and trapped in a molecular 
cage. Chemists therefore call this kind of molecular structure a cla-
thrate (lat. clatratus = with bars, caged). Methane hydrates deve-
lop in permafrost regions on land or beneath the sea floor. They 
are usually covered by a layer of sediments. Their formation under 
the sea floor requires an environment of sufficiently high pressure 
and low temperature. The warmer the water is, the higher the 
water pressure needs to be. Thus, in the Arctic, methane hydrates 
can be found below water depths of around 300 metres, while in 
the tropics they can only occur below 600 metres. Most methane 
hydrate occurrences worldwide lie at water depths between 500 
and 3000 metres. The hydrates are solid and white, similar in 
appearance to normal water ice. When they are brought up from 
the sea floor they begin to slowly break down. This releases the 
methane gas that can then be ignited.
Under normal conditions methane and water molecules do not 
react with one another. At room temperature they are moving too 
quickly to form chemical bonds. At lower temperatures, however, 
the molecular motion is retarded. Under higher pressures, the 
methane and water molecules approach each other so closely that 
the clathrate structure develops. If the temperature rises or the 
pressure decreases the weak bonds collapse. The clathrate then 
breaks down and methane is released.
Methane
molecule
Water
molecule
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M a j o r  g a s  h y d r a t e  o c c u r r e n c e s
 1  
  
MALLIK: High concentrations of gas hydrates were documented in sands of 
the Mallik site on Richards Island in Canada’s Northwest Territories in 1972. 
This resulted in three landmark gas hydrate evaluation programmes with cor-
responding test wells being carried out here in 1998, 2002 and 2007/2008. 
These programmes confirmed that gas hydrates could be produced by drilling 
wells and that depressurization appeared to be the most favourable method.
 2  
  
NORTH SLOpe: Gas hydrates were discovered and tested in the North Slope 
region of Alaska in 1972 at the Northwest eileen State #2 well. The objec-
tive of the test wells was to evaluate the oil reserves, but the drilling also 
enabled initial estimates of the reserves of gas hydrate. The magnitude of 
the hydrate deposits was estimated at around 16 trillion cubic metres. Little 
further attention was paid to the hydrate deposits until the Mount elbert test 
well was drilled nearby in 2007. In 2008 the United States Geological Survey 
(USGS), the most important organization for official mapping in the USA, as-
sessed a volume of 2.4 trillion cubic metres of recoverable gas in the region 
with the technology existing at that time. A well was drilled in prudhoe Bay 
in 2011 to test for the production of gas hydrates.
 3  
  
BLAKe RIdGe: This area of the continental slope off the coast of North Caro-
lina was one of the initial sites for gas hydrate research in the marine realm. 
Hydrate deposits were discovered during a seismic geophysical survey of the 
sea floor. The methane hydrate layers below the sea floor were revealed by 
conspicuous reflection patterns in the bottom seismic profiles, referred to 
as bottom-simulating reflectors (BSR). Scientific drilling in 1995 confirmed 
the existence of an extensive deposit. The gas volumes were assessed at 
around 28.3 trillion cubic metres. Concentrations of the gas here, however, 
are relatively low. 
 
 4  
  
CASCAdIA CONTINeNTAL MARGIN: This area off the pacific coast of the 
United States was drilled by the Ocean drilling program (Odp). The objec-
tive of this international programme is to acquire new knowledge about the 
structure of the earth and its history through scientific drilling of a large 
number of holes in the sea floor. On two cruises in this region, in 2002 and 
2005, the “hydrate ridge” off Oregon was drilled.
 
 
3.2 > Methane hydrate occurs in all the oceans as well as some locations on 
land. White dots indicate occurrences identified by geophysical methods. 
The blue dots show occurrences proven by direct sampling. The most impor-
tant research sites and areas worldwide are also highlighted with numbers. 
Energy from burning ice < 
 
99
 5  
  
GULF OF MeXICO: Massive gas hydrate mounds were discovered on the 
sea floor here in 1995. These structures are particularly interesting because 
of the special biological communities that have developed here. Later, gas 
hydrates were found in marine sands in a well in Alaminos Canyon Block 
818. These kinds of deposits are significant because it is relatively easy to 
recover hydrates from sands. In 2005, a joint project involving researchers 
and industry partners addressed the safety aspects of deepwater drilling. 
A second drilling expedition in 2009 revealed high concentrations of gas 
hydrates in sand reservoirs. 
 
 6  
 
 
INdIAN OCeAN: Gas hydrates were investigated during a 113-day expedi-
tion at one site in the Arabian Sea, two sites in the Gulf of Bengal, and one 
site in the Andaman Islands. Off the southeast coast of India, at “site 10” 
in the Krishna-Godovari Basin, the researchers discovered a 130 metre-thick 
layer containing gas hydrate. This exhibited high hydrate concentrations.
 
 7  
  
SVALBARd: A number of studies have been carried out on the shelf off the 
western coast of Svalbard Island. early in this century several active methane 
gas seeps were found. These presumably originate at the edge of the gas 
hydrate stability zone (GHSZ). Scientists believe that the hydrates are disso-
ciating here due to climatic changes.
 
 8  
  
MeSSOyAKHA: This oil and gas field in western Siberia provided the first 
solid evidence for the existence of gas hydrates in nature. drilling and 
various measurements suggest that the gas hydrate contributes a share to 
the production of natural gas in this area.
 
 9  
  
ULLeUNG-BASIN: deep-sea drilling was carried out in the Ulleung Basin off 
the coast of South Korea in 2007 and 2010. The expedition also retrieved 
cores. Numerous vertical “chimney” structures were discovered with high 
concentrations of gas hydrates. The hydrates apparently occur here in the 
pore spaces of sands and in deformed muds.
  
10  
  
NANKAI TROUGH: The first resource-grade gas hydrates in marine sands 
were discovered in this area off Japan in 1999. Further geophysical studies 
and a second drilling programme in 2004 revealed the presence of gas vol-
umes in the Nankai Trough of 1.1 trillion cubic metres. Around 566 billion 
cubic metres of this occur in high concentrations in sands. Methane was 
produced for the first time from a test well in the sea here in 2013. After 
the well in the Nankai Trough in 1999, the industry well in Alaminos Canyon 
Block 818 in the Gulf of Mexico in 2003 was the second discovery of gas 
hydrate in marine sands.
 
 
11  
 
QILIAN MOUNTAINS: This mountain range on the Tibetan plateau in wes-
tern China has permafrost extending to depths of up to 100 metres. dril-
ling projects here in 2008 and 2009 confirmed the presence of gas hydrate 
occurrences in fractured sandstones and mudstones. These rocks were 
formed during the Jurassic geological period around 200 million years ago. 
 
12  
 
SHeNHU BASIN: This area of the South China Sea was explored in early 2007 
during marine geological mapping by the Guangzhou Marine Geological Sur-
vey (GMGS), a Chinese state institute for marine geology. Gas hydrate con-
centrations discovered in the fine-grained sediment layers were higher than 
expected, probably as a result of relatively high silt content and deposits of 
planktonic foraminifera, microscopic organisms with carbonate shells.
 
13  
 
GUMUSUT-KAKAp: In this oil field off the shore of eastern Malaysia po-
tential geohazards with respect to industrial production of deeper oil and 
gas deposits were studied for the first time in 2005. These include possible 
slumps or tsunamis. The project concentrated mainly on oil and gas deposits 
underlying gas-hydrate bearing layers.
 
14  
 
NeW ZeALANd: Strong BSR seismic signals were recorded in the early 1980s 
during sea-floor investigations of this area on the margin of the Hikurangi 
Trough off the east Coast of New Zealand. Since then the region has been 
studied more intensively using a variety of other kinds of measurements. 
Further expeditions to various sites within the exclusive economic Zone of 
New Zealand suggest that gas hydrate deposits could be present in many 
other areas there. 
 
15  
 
TAIWAN: Taiwan lies in a region where continental plates converge. In this 
area methane-bearing water is pressed out of the sediments so that meth-
ane is available for the formation of hydrates. The tectonic collision zone 
has been intensively studied by drilling since 2004. The drilling programme 
has produced clear evidence of the presence of gas hydrates. The hydrates 
presumably encompass around 11,000 square kilometres of sea-floor area, 
which is equal to the size of the West African country of Gambia. 
 
16  
 
eAST SIBeRIAN SHeLF: The east Siberian shelf is a former coastal area with 
permafrost that was flooded by sea-level rise after the last Ice Age. Scien-
tific studies discovered high concentrations of methane in the sea water and 
upper layers of the sea floor. The origin of the methane is uncertain. It may 
possibly come from methane hydrates stored in the relict permafrost of the 
submerged coastal area.
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This process is known as methanogenesis. Scien-
t ists est imate that 80 to 90 per cent of the methane 
stored in hydrates worldwide was produced biogeni-
cal ly by methanogenesis. The methanogenic bacte-
r ia are found at depths of around 10 metres to 3 ki lo-
metres in the sediment. Above this depth of 10 
metres other microorganisms are act ive that do not 
produce methane. Microorganisms that require oxy-
gen l ive direct ly on the sea f loor and within the 
upper cent imetres of sediment. These “aerobic”, or 
oxygen-feeding microorganisms, break down a large 
proport ion of the sinking biomass. In the nearly 
oxygen-free sediments immediately below, on the 
other hand, microorganisms are act ive that require 
the sulphate radical for their metabolism, which is 
present in large amounts in these sediment layers. 
These organisms, cal led sulphate reducers, also con-
sume biomass without producing methane. Only in 
the environment below 10 metres, lacking in both 
oxygen and sulphate, can the methanogenic micro-
organisms f lourish.
•	 Thermogenic methane is generated chemically in 
the much deeper layers of the Earth’s crust without 
the act ivity of microorganisms. It is formed in a 
similar way as oi l and natural gas. At depths of seve-
ral ki lometres, under high pressures and tempera-
tures above 100 degrees Celsius, the remains of bio-
mass mill ions of years old in hard sedimentary 
rocks are t ransformed into methane. This is achie-
ved by purely chemical processes driven by heat. 
The thermogenic methane can then r ise through 
f issures in the rocks up to the layers where pressure 
and temperature condit ions al low the format ion of 
hydrates. 
Thus the requirements for the format ion of methane 
hydrates are the r ight temperature, the r ight pressure, 
and a suff icient ly high methane concentrat ion. These 
condit ions are commonly found in areas near the coasts, 
part icularly on the cont inental slopes at water depths 
below 500 metres. Most coastal areas are r ich in nutri-
ents, which are t ransported by r ivers to the sea. Vast 
numbers of planktonic organisms thrive here, in turn 
providing food for higher animals. Coastal areas are 
therefore immensely product ive and the amount of dead 
biomass that sett les to the sea f loor and is deposited as 
sediments is large. 
Marine regions farther from the coasts are, in con-
t rast , relat ively poor in nutrients. The product ion of bio-
mass and amounts of plankton that sink to the bottom 
are thus low there. As a result , methane hydrates very 
rarely occur in the deep sea at large distances from the 
coasts. 
The zone in which gas hydrates are stable in the sea 
f loor is cal led the gas hydrate stabil ity zone (GHSZ). 
This is the area in which temperatures and pressures 
necessary for the format ion of methane hydrates pre-
vail. Above the GHSZ the ambient pressures are too low 
for the methane and water to react with one another. 
Below the GHSZ it is too warm due to proximity to the 
Earth’s hot interior. With every kilometre closer to the 
3.3 > Gas hydrates occur where abundant biomass sinks to the bottom in areas of low 
temperature and high pressure – particularly on continental slopes. The higher the water 
temperature is, the greater the depths and pressures necessary for the formation of hy-
drates. At very great depths, due to the earth’s geothermal energy, the temperature within 
the sea floor is too high for the formation of methane hydrate. 
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Format ion of methane hydrate
Methane hydrate forms in the gas hydrate stability zone (GHSZ). 
This is where the required pressures and temperatures are present 
for methane and water molecules to combine and form a clathrate. 
Methane rises from the depths up to the GHSZ: in the deep upper 
sediment layers biogenic methane, produced by microorganisms, 
is released. In stil l deeper sediment layers, methane is created 
through the chemical transformation of biomass at very high pres-
sures and temperatures (thermogenic methane). It can rise through 
fractures up to the gas hydrate stability zone. Methane hydrates 
are found in various regions: in Arctic permafrost, in relict perma-
frost that was flooded after the Ice Age, and on the upper and 
lower continental margins.
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Earth’s core the temperature in the crust increases by 
30 to 40 degrees Celsius. The thickness and posit ion of 
the GHSZ vary from one marine region to another. In 
some cases the GHSZ is only a few metres thick and l ies 
direct ly below the sea f loor. In others it can be up to 
800 metres thick and comprise massive sediment depo-
sits. 
estimating amounts of methane hydrate
Until now only a few methane hydrate deposits in the 
ocean have been thoroughly studied. Nevertheless, 
attempts have been made to calculate the globally 
available amounts of methane hydrates. These resulted 
in est imates of 500 to 55,000 gigatonnes of carbon. 
Carbon makes up 75 per cent of the mass of the 
methane molecule and can thus be used as a reference 
value. In this way the deposits can be compared with 
other fossi l resource deposits. 
The large dif ferences in these est imates are primari-
ly due to the fact that researchers had to consider vari-
ous inf luencing variables in their calculat ions and 
weighted these dif ferent ly. For an accurate est imate of 
the worldwide methane hydrate reserves the scient ists 
wil l have to, f irst ly, calculate as accurately as possible 
how much biomass was deposited in the sediments over 
mill ions of years that then became available for meth-
anogenesis. Secondly, they have to assess how much 
methane has been able to eventually penetrate into the 
GHSZ. The fol lowing are among the aspects that need to 
be considered:
•	 cl imat ic	 changes	 that	 have	 inf luenced	 the	 produc-
t ion of plankton and biomass through various 
epochs in the geological past;
•	 the	act ivity	of	aerobic microorganisms and sulphate 
reducers that consume large amounts of the biomass 
in the upper layers of sediment;
•	 changes	 in	 the	 coast l ines	 due	 to	 r ising	 and	 fal l ing	
sea levels during the glacial and interglacial periods. 
At certain t imes when marine regions were exposed 
there was no sedimentat ion at al l. During other 
periods the sedimentat ion rates increased or de- 
creased;
•	 the	methane	concentrat ion	in	pore waters. Methane 
gas migrates upward through the pores, the water-
f i l led spaces between sediment grains. The meth-
ane concentration in the pore waters is greater or less 
depending on how much methane r ises from deeper 
layers. Regardless of the prevail ing pressures or 
temperatures, methane hydrate can only form when 
there is a suff icient ly high concentrat ion of meth-
ane in the pore water;
•	 plate tectonics: regions where one cont inental plate 
sinks beneath another, cal led subduct ion zones, are 
of part icular interest . As the plate descends, the 
pore water is squeezed out of the sediments l ike a 
sponge. It r ises, carrying its methane component 
with it . These processes cont inue today. When the 
methane reaches the GHSZ it can substant ial ly con-
t r ibute to the format ion of methane hydrate. The 
challenge, then, is to accurately calculate the 
amounts of ascending water and methane in the 
subduct ion zones.
More recent est imates of the worldwide amounts of gas 
hydrate, which attempt to consider al l of these aspects, 
are on the order of 500 to 1500 gigatonnes of carbon. 
This is signif icant ly less than the 55,000 gigatonnes 
that were postulated just a few years ago, but st i l l de-
cidedly more than all of the convent ional reserves of 
3.5 > Majestic stones: 
currents and waves 
have exposed ancient 
turbidites on the 
point Loma peninsula 
in California.
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3.6 > Worldwide, 
methane hydrates 
occur primarily on the 
continental slopes. 
According to current 
estimates the largest 
deposits are located 
off peru and the  
Arabian peninsula. The 
figure only shows the 
biogenic gas hydrates. 
The amounts of ther-
mogenic methane are 
not taken into account.
natural gas, which today are projected at around 100 
gigatonnes of carbon. In addit ion to the total est imates, 
detai led calculat ions of methane hydrate reserves in 
specif ic ocean regions are of interest to researchers. 
These would give clues as to where it is most worth-
while to employ research ships for more targeted inves-
t igat ions. Ship expedit ions are extremely expensive. 
Energy companies and scient ists thus have a primary 
interest in focusing on large deposits that could produce 
great amounts of methane in the future.
promising layer-cake sediments
The amounts of methane, i f any, that can be produced 
from the GHSZ primari ly depend on the sediments in 
which the methane is located. There are various types 
of hydrate-bearing sediments that are dist inguished by 
the proport ions of smaller or larger part icles: sands and 
sandstones, clays, and mixtures of these.
Sands and sandstones have relat ively large pore 
spaces, f rom which the methane can easi ly be retr ieved. 
But there are only a few such sand bodies in the world 
that contain any methane hydrates at al l. From com-
pacted clay sediments, on the other hand, in which the 
part icles are very dense, the methane hydrate cannot be 
recovered at al l. Turbidites are widespread throughout 
the world. These are a combinat ion of sand and clay 
sediments. In the layer-cake-l ike turbidite sediments, 
the sand and clay layers alternate. Over t ime, turbidites 
have formed primari ly by mass slumps on the cont inen-
tal slopes. When too much sediment has been deposited 
a landslide begins on the slope. At the foot of the slope 
the sediments sl ide over one another in layers. Some of 
the turbidite layers are only a few cent imetres thick. 
Occasionally, however, the individual layers can have 
thicknesses up to 10 metres. The feasibi l ity of prod-
ucing methane from hydrates in turbidites has been 
studied in recent months in test wells off Japan.
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Escape from dependence?
The huge size of worldwide methane hydrate deposits is 
reason enough to make them economically interest ing. 
Methane hydrates are especial ly att ract ive for countries 
with very l imited fossi l energy resources that must 
import them at great cost . Japan, for example, meets its 
energy needs for the most part with oi l, coal and gas 
imports. Japan was a large importer of energy even 
before the accident at the Fukushima nuclear power 
plant. Its dependence on imports has become even grea-
ter with the shutdown of Japanese nuclear plants af ter 
the accident. Energy resources are al l t ransported to 
Japan by ship, with natural gas taking the form of Lique-
f ied Natural Gas (LNG). Because of the high costs of 
l iquefact ion and t ransport , gas is very expensive in 
Japan. The natural gas price there is around four t imes 
the price in the USA. 
The situat ion is similar in South Korea, where over 
90 per cent of fossi l fuels are imported, including natu-
ral gas and part icularly coal for the product ion of electr i-
city. Large consumers of electr icity there include for 
example steel producers as well as the chip and electro-
nics industr ies. Methane hydrates might also provide a 
way for other South-East Asian countries such as Tai-
wan or Vietnam to reduce their dependence on energy 
imports.
The f i rst  steps to methane hydrate production
For more than 10 years internat ional projects have been 
studying whether and how methane hydrate might be 
produced in the future. Scient ists must f irst determine 
whether it is at al l possible to release meth-ane from the 
hydrates in large amounts and, i f so, which methods 
would be most pract ical. The product ion of methane 
hydrate is fundamentally dif ferent from the extract ion 
of oi l and natural gas. These convent ional fuels f low 
naturally through the pores of the reservoirs to the 
well. Hydrates, on the other hand, are solid, and must 
f irst be dissociated before the methane gas can be 
extracted. Three dif ferent procedures are being consi-
dered for the recovery of methane:
WATER CIRCULATION: Hot water is pumped into the 
methane hydrate deposits through a well, raising the 
temperature to the point that the hydrate breaks down 
and methane is released. 
DEPRESSURIZATION: High pressures prevail in the 
methane hydrate layers because of overlying water and 
sediment loads. Dri l l ing into the deposits f rom above 
releases pressure l ike puncturing the inner tube of a 
bicycle tyre. With the drop in pressure the hydrate 
slowly dissociates and the methane is released.
CARBON DIOXIDE INJECTION: Methane is released 
from hydrates when they are infused with a gas. Carbon 
dioxide displaces the methane in the clathrate, replac-
ing it in the molecular cage. One result of this is a 
st ronger bond of the water molecule with carbon di-
oxide than it had with the methane. The carbon dioxide 
hydrate is thus signif icant ly more stable than the 
methane hydrate. Researchers suggest that the carbon 
dioxide needed for inject ion could be obtained from the 
exhausts emitted by gas and coal power plants. Thus the 
carbon dioxide would not be released into the atmos-
phere, but t ransported in l iquid form by ship or pipeline 
to the deposit and sequestered in the hydrates.
Various projects have been carr ied out by researchers 
and commercial companies in the past to invest igate 
Methane hydrate  – a  new energ y source?
   > Methane hydrate deposits within national terr i tor ial  waters represent a 
promising source of energy for the future,  especial ly for countr ies that depend on imports of gas,  coal 
and oi l  for  a large share of their  energy needs.  But the necessary technology for industr ial  production 
of the hydrates is  not yet avai lable.  Fol lowing successful  test  wells on land, init ial  research projects 
are now being carr ied out in the ocean, part icular ly in South-East Asia. 
3.7 > In 2011, Japan 
and South Korea  
were among the  
10 largest net 
importers of gas in 
the world, i.e. those 
countries that must 
import significantly 
more natural gas than 
they can produce or 
export themselves. 
Both countries bring 
the resources in by 
ship. Gas hydrates  
in their own territorial 
waters could offer an 
alternative. 
The abbreviation bcm 
stands for billion 
cubic metres.
Importing 
countries
bcm
Japan  116
Italy   70
Germany   68
USA   55
Korea   47
Ukraine  44
Turkey   43
France   41
Great Britain     37
Spain     34
Others   279
Total  834
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whether methane can actually be produced on an indus-
t r ial scale using these methods. Init ial product ion tests 
were carr ied out around 10 years ago in the permafrost 
of the Mackenzie River Delta in northwest Canada by 
partners from Japan, Canada and Germany. These are 
considered to be a milestone because important knowl-
edge for the future exploitat ion of methane hydrate was 
obtained. It was learned, for example, that the depressu-
r izat ion method is much simpler and more inexpensive 
than f lushing with hot water. Addit ionally, f i lters were 
developed and tested to prevent sediments from f lowing 
into the dri l l hole due to the high pressures. Though 
sand f i lters have long been available for use in the gas 
and oil industry, there has so far been no patent solut ion 
for the product ion of methane hydrates. 
In 2011 and 2012 a Japanese-American industr ial 
consort ium carried out the Ignik Sikumi Project in the 
permafrost of northern Alaska with support f rom the 
United States Department of Energy (DOE). Here, for the 
f irst t ime outside the laboratory under natural condi-
t ions, the exchange of carbon dioxide and methane was 
tested. After only a few days, injected carbon dioxide 
was already f ixed in the hydrate. It was then possible to 
produce almost pure methane gas for several weeks, 
and the gas yield was greater than mathemat ical models 
had predicted.
The f irst f ield test in the ocean was f inally carr ied 
out in early 2013. Through a well in the Nankai Trough, 
an ocean basin 80 kilometres off the coast of Japan, 
Japanese researchers retr ieved methane up to the sur-
face over a period of one week from a water depth of 
1000 metres. The gas hydrate was dissociated through 
depressurizat ion. Japan has now set a goal to start the 
operat ion of a f irst large pi lot product ion instal lat ion in 
2018. The necessary technology for long-term opera-
t ions, however, st i l l has to be developed.
Getting started is  the hardest part
Regardless of the method selected for methane extrac-
t ion in the future, the product ion rates for al l of them 
depend heavily upon how rapidly the hydrate disso-
ciates under the sea f loor. Laboratory experiments and 
test wells in the f ield have shown that present ly al l of 
the methods quickly reach their pract ical l imits or have 
serious disadvantages:
•	 Flooding	with	water	 requires	 immense	amounts	of	
energy, which makes it uneconomical.
•	 With	 depressurizat ion,	 dissociat ion	 of	 the	 hydrate	
decreases over t ime. This is due to a number of fac-
3.8 > Methane hydrate 
can be dissociated by 
pumping in hot water 
(a) or by reducing the 
pressure in the well 
using pumps (b). If 
carbon dioxide is in-
jected into the hydrate 
(c), the carbon dioxide 
molecule replaces  
the methane. In this 
case the hydrate does 
not dissociate.
SEDIMENT
SEDIMENT
Stable 
methane 
hydrate
Methane Carbon 
dioxide
Hot 
water
a b c
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3.9 > In February 2012, using the research 
vessel Chikyu, a Japanese scientific team dril-
led for methane hydrates south of the Atsumi 
Peninsula. The following year, for the first 
time, the ship brought methane up to  
the ocean surface through a test well nearby.
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tors. First ly, the methane gas that forms with the 
breakdown of the hydrate increases pressure in the 
deposit , which impedes cont inued breakdown of the 
hydrate. Secondly, with the dissociat ion of the 
hydrate, water molecules are also released. The 
deposit thus becomes less saline, which chemically 
hampers hydrate decomposit ion. Thirdly, energy is 
required to break down the clathrate and to destroy 
the hydrogen bonds between the molecules. Chemi-
cally this is known as an endothermic react ion – 
one that consumes energy. Because this energy is 
removed from the surroundings in the form of heat , 
the ambient environment cools down. This cooling 
down also has a negat ive effect on the hydrate 
breakdown process.
•	 The	 inject ion method, on the other hand, proceeds 
too slowly. Various research groups, therefore, are 
searching for ways to accelerate the exchange of car-
bon dioxide and methane. These attempts have led 
to some init ial successes: The exchange of carbon 
dioxide and methane proceeds more rapidly when 
the CO2 is introduced into the reservoir as a warm 
supercrit ical f luid. In contrast to depressurizat ion, 
the inject ion method has the advantage that some 
heat is released with the exchange of carbon dioxide 
and methane, which tends to sustain the disso- 
ciat ion process. This method is present ly being 
advanced by German researchers.
Asia is  heavi ly involved
Which of these methods will be best suited for produc-
t ion at industr ial scales in the future is st i l l uncertain. 
For this reason large amounts of money cont inue to be 
spent on research. 
To date, close to 1 bi l l ion US dollars have been in-
vested in gas hydrate research worldwide. Japan and 
South Korea are at the cutt ing edge. In the coming years 
these two countries will carry out addit ional product ion 
tests on the sea f loor. 
Signif icant efforts are also being undertaken in Tai-
wan, China, India, Vietnam and New Zealand to deve-
lop domest ic gas hydrate reserves in the sea f loor. 
The search continues
The present task for the energy industry and research 
scient ists is to thoroughly invest igate promising areas 
of the sea f loor for methane hydrate deposits. Regions 
with favourable pressure and temperature condit ions 
that also exhibit thick sediment packages are of part icu-
lar interest . Specialists searching for natural resources 
generally dist inguish two dist inct phases, prospect ing 
and explorat ion. 
Prospect ing is the search for unknown deposits. 
Explorat ion fol lows this up with precise invest igat ions 
and development of the reserves and deposits found. 
Development can only begin af ter explorat ion has 
demonstrated that suff icient amounts of resources can 
be extracted. Sites such as the Ulleung Basin off South 
Korea and the Nankai Trough off Japan have already 
been extensively explored. Many other areas in the 
world, such as the Exclusive Economic Zones (EEZ) of 
China, India, New Zealand or Taiwan are st i l l in the 
prospect ing phase.
Prospect ing and explorat ion methods being applied 
today to invest igate methane hydrate deposits include a 
number of techniques already used in the gas and oil 
industry, as well as new technology developed over the 
past 5 years, in part by a German joint project involv-ing 
around 20 university and industry partners.
First  prospecting …
The fol lowing techniques and measurement tools, both 
proven and novel, are now being employed to prospect 
for methane hydrates:
COMPUTER SIMULATION: For years now, computer 
simulat ion programs have been in use for the produc-
t ion of gas and oil which indicate the marine areas with 
potent ial reserves of oi l and gas. Calculat ions by these 
programs take into account many variables, including 
the magnitude of plankton sedimentat ion in various 
ocean regions over mill ions of years, the thickness of 
sediment layers, and the prevail ing pressures and tem-
peratures at dif ferent depths. The simulat ions provide 
init ial indicat ions of where further prospect ing with 
Critical point
When a gas is sub-
jected to high pressure 
it normally liquefies. If 
both temperature and 
pressure are increased 
at the same time, 
however, the gas 
attains a kind of hybrid 
state between gas and 
liquid. Scientists refer 
to this as the critical 
point of a gas. At this 
point the substance is 
referred to as a fluid.  
If the temperature or 
pressure is further 
increased it reaches the 
supercritical state, and 
becomes a supercritical 
fluid. The supercritical 
fluid is especially reac-
tive. Supercritical CO2, 
for example, reacts 
intensively with the 
methane hydrates so 
that greater amounts of 
methane are released 
rapidly.
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The a r t  of  dr i l l ing in sof t  sediment s
Methane hydrate reservoirs are dif ferent from convent ional gas 
and oi l reservoirs. The lat ter are usual ly located severa l ki lome-
tres deep in sediments that are mil l ions of years old, and which 
have been compressed into sol id rocks. These deposit s are a lso 
usual ly over la in by sol id impermeable rock layers. Methane 
hydrates, on the other hand, are located in much younger and 
sof ter sediments. Convent ional dr i l l ing technology is, for one 
thing, very expensive, and fur thermore, not adapted for the 
exploitat ion of gas hydrate deposit s in sof t sediments. German 
researchers and industr ies therefore want to develop a smal l dr i l-
l ing plat form that can be placed on the sea f loor, to which the 
dr i l l , pumps and elec tr ica l supply can be at tached. Such a system 
could work independent ly to a large extent to extrac t methane 
from the hydrate deposit s. A forerunner of this mobile dr i l l ing r ig 
(MARUM-MeBo) a lready exis t s. It has been deployed on research 
ships in recent years for exploratory dr i l l ing in water depths 
down to 2000 metres, and can dr i l l to around 100 metres into the 
sea f loor. The second generat ion MeBo is now being bui lt to dr i l l 
up to 200 metres into the sediments. This r ig wil l cont inue to be 
developed and tested in the ocean in the coming years. In the 
future methane hydrate reservoirs may be exploited using an 
ensemble of these smal l and, compared to large dr i l l ing plat-
forms, relat ively inexpensive bot tom-deployed r igs. These de-
vices have the advantage that they can be deployed to the ocean 
f loor with any mult i-purpose vessel or research ship. Expensive 
operat ions by dr i l l ing or specia l-purpose vessels would not be 
necessary.
Today, before a company begins to exploit a gas or oi l reser-
voir, the extrac t ion is general ly s imulated by computer. Sophist i-
cated s imulat ion programs are a lready avai lable for gas and oi l, 
ca lculat ing how pressure in a reservoir changes over per iods of 
f ive to ten years and how this can reduce the product ion rate 
through t ime. These wel l-establ ished simulat ion programs, 
among other parameters, take into account the geometry and 
temperatures of the reservoirs. A research inst itute is present ly 
working on a sof tware version that wil l a lso be able to s imulate 
methane hydrate product ion. The sof tware has yet to be fed with 
real measurement data from the ocean and laboratory. These 
would include informat ion about the format ion and dissociat ion 
rates of hydrates. In about two years the sof tware should be 
ready to be put into use. One of the program’s s trengths is 
that it can also simulate small reservoirs of around one square 
kilometre in deta i l, so it is capable of high spat ia l resolut ion.
3.10 > The underwater rig 
MARUM-MeBo has been 
used for several years for 
drilling on the sea floor. 
It is flexible in that it can 
be deployed from different 
research vessels. Methane 
hydrate could be mined in 
the future using similar 
equipment.
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research vessels could be worthwhile. Over the past 
5 years German scient ists, together with a software 
producer, have expanded a proven and tested computer 
program used by the gas and oil industry to create a 
simulat ion module for methane hydrate. This newly 
developed module takes into account the special envi-
ronmental condit ions required for the format ion of 
methane hydrate, and provides important clues to 
undiscovered hydrate occurrences.
MULTIBEAM SWATH SOUNDER: This relat ively new 
acoust ic instrument can detect methane gas bubbles 
escaping from methane deposits through natural leaks. 
It is attached to the bottom of a ship and sends out fan-
shaped ult rasound waves. It is thus able to scan a st r ip 
hundreds of metres wide on the sea f loor. One of the 
challenges in using this instrument is to separate the 
ref lect ion signal of the bubbles from numerous inter-
ference signals in the depth sounder. Special software 
has been developed for this purpose by scient ists using 
the system. The swath sounder can be deployed early in 
the prospect ing phase. Methane gas bubbles detected in 
the water can provide the f irst indicat ion that methane 
hydrate is located in the sediments.
METHANE SENSOR: Unt i l recent ly no measurement 
technique was available for direct ly determining the 
concentrat ions of methane in sea water. Water samples 
from various depths had to be retr ieved by researchers 
and examined in the laboratory on board. But now there 
is a submersible mini-laboratory on the market about 
the size of a rol l of wallpaper. It sucks the seawater in 
and ascertains the methane concentrat ion direct ly in 
the ocean. The measurement data are t ransferred to the 
ship via a cable. The sensor complements the mult i-
beam swath sounder because it can determine the deep 
methane concentrat ions with much greater accuracy. 
MULTICHANNEL SEISMICS: Seismic methods use air-
guns to produce acoust ic waves that penetrate into the 
seabed, where they are ref lected by the dif ferent layers 
at dif ferent st rengths or refracted. Receivers mounted 
on a cable several ki lometres long called a st reamer are 
towed behind the ship and record the ref lected waves. 
The data from all of the receivers (channels) are then 
processed to create an image of the sea f loor. While a 
spacing of 12 metres between the receivers is suff icient 
when prospect ing for oi l and gas, st reamers to search 
for methane hydrate deposits have been developed with 
receiver spacings of only 1.5 metres. This provides a 
higher resolut ion and makes it possible to obtain an 
image of the sea f loor on a f iner grid. Mult ichannel seis-
mics are also employed in the early stages of prospect-
ing. They can reveal the presence of the bottom-simula-
t ing ref lector (BSR). This is a st rong ref lect ion of the 
acoust ic waves that is recognized as a conspicuous 
l ighter layer in the seismic image. This effect is seen in 
dif ferent types of sediments. In the case of methane 
hydrate the strong ref lector is produced by free meth-
ane gas below the gas hydrate stabil ity zone. Below the 
GHSZ the temperature is too high for the format ion of 
methane hydrate. Methane gas r ising from greater 
depths in the sediments therefore collects here. Be- 
cause it has a much lower density than the methane 
hydrate or the surrounding sediments, it is clearly 
3.11 > For 3-D seis-
mics, multiple parallel 
streamers are towed 
behind the ship. 
Because the receivers 
pick up slightly offset 
signals from different 
angles, an overall 3-D 
image of the bottom 
is produced.
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dist inguishable from other layers in the seismic image 
data as the bottom-simulat ing ref lector.
DEEP-TOWED STREAMER: To achieve a higher resolu-
t ion of the seismic image, st reamers can be towed 
through the water closer to the seabed, for example 
100 metres above the sea f loor. The advantage of this is 
that proximity to the bottom gives the streamers a 
wider-angle image of the sea bed. This al lows them to 
get a low angle view beneath hard bacterial crusts that 
form naturally in some marine regions. These bacterial 
crusts are normally impenetrable for seismic waves.
3-D SEISMICS: At the f irst indicat ion of possible meth-
ane hydrate presence, systems are employed to i l lus-
t rate the depth and lateral extent of the deposits in the 
sea f loor in three dimensions. For these 3-D systems, a 
parallel arrangement of several st reamers is towed 
behind the ship. Because the individual st reamers peer 
into the sea f loor at sl ight ly dif ferent angles, they provi-
de a combined stereoscopic impression. The resolut ion 
of systems that have been developed over the past f ive 
years is remarkable. They create an image of the sea 
f loor down to a depth of 500 metres in a 3 by 3 metre 
grid. A reservoir can thus be displayed as a large void. 
These 3-D methods can furthermore recognize f issures 
in the reservoir through which methane can escape, and 
detect large methane gas bubbles in the vicinity of the 
fissures. In addit ion, 3-D seismics can provide important 
information regarding favourable sites to take bottom 
samples during the subsequent explorat ion phase.
. . .  then exploration
Whether methane hydrate deposits exist at al l in an 
area is f irst determined during the prospect ing phase. 
When their presence is confirmed then explorat ion, the 
detai led study of the marine area, can begin. With 
explorat ion methods it is possible to assess fairly accu-
rately how much methane or methane hydrate is pre-
sent in a deposit . The fol lowing techniques and devices 
are present ly being used:
CORING: A classic method in the explorat ion of mineral 
resources is the dri l l ing of cores. With a dri l l st r ing 
lowered from a research ship, sediment cores are re-
t r ieved from hundreds of metres below the sea f loor. 
These long cores, with the approximate diameter of a 
rain gutter, are cut into a number of metre-long sect ions 
on board the research vessel and studied later in a labor-
atory on land for the presence of methane hydrates. 
Special dri l l ing tools that can maintain the high pres-
 METHANE GAS LAYER
SEDIMENT
 SEA FLOOR
STRATUM 1
STRATUM 2
GHSZ
Airgun
 Streamers at the water sur face
Deep-towed streamer
Ref lec ted wave
Ocean-bot tom seismometer
3.12 > For multichan-
nel seismics, airguns 
generate acoustic 
waves that are 
reflected differently 
by different layers 
in the sea floor. The 
reflections are picked 
up by receivers that 
are anchored on the 
sea floor (ocean-
bottom seismometers) 
or towed on a strea-
mer behind a ship. 
Higher-resolution 
seismic images can be 
obtained using deep-
towed streamers.
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3.13 > Clump of 
methane hydrate in  
a drill core.
sure as the methane hydrate sample is brought to the 
surface prevent dissociat ion of the methane hydrate 
unt i l it is possible to analyse the core. 
OCEAN-BOTTOM SEISMOMETER: Ocean-bottom seis-
mometers (OBS) funct ion l ike convent ional seismome-
ters. The receivers, however, are not attached to a st rea-
mer but are stat ioned on the sea f loor. This al lows 
greater observat ional depth coverage. Acoust ic waves 
t ravel through strata at dif ferent speeds depending on 
their densit ies. The waves accelerate in dense struc-
tures such as methane hydrates, but propagate more 
slowly through less dense structures such as muddy 
sediments or gas voids. The ocean-bottom seismometer 
system calculates an image of the sea f loor from the lag 
of ref lected waves. Because the instruments can detect 
at greater distances than a st reamer, they can record 
signals from greater depths. The present record is 
12 kilometres. Ocean-bottom seismometers will be de- 
ployed off Korea in 2014.
ELECTROMAGNETICS: For the past ten years electro-
magnet ic systems have also been employed by the gas 
and oil industr ies. These t ransmit electromagnet ic 
impulses similar to those of a radio stat ion antenna. 
Like acoust ic waves for an ocean-bottom seismometer, 
dif ferent bottom structures change the electromagnet ic 
signals to a greater or lesser extent. The physical prin-
ciples of the two are not the same, however. This sys-
tem takes advantage of the fact that dif ferent substances 
conduct electromagnet ic impulses with varying levels 
of ef f iciency. Poorly conduct ing substances produce a 
resistance. Liquids, on the other hand, such as water, 
are very good conductors. The system very accurately 
senses these dif ferences in conduct ivity or resist ivity in 
the seabed. It is therefore possible to determine, using 
electromagnet ic techniques, how much free methane 
gas is located below the GHSZ or how much is contained 
in the hydrates. The method, however, has disadvan-
tages. For one, electromagnet ic waves propagate in a 
circular pattern, in contrast to the direct ional explosion 
of the airgun. The conduct ivity values, and thus the 
methane deposits, are therefore dif f icult to pinpoint. 
Furthermore, the electromagnet ic impulses weaken 
rapidly, so they cannot penetrate as deeply into the sea- 
bed as sound waves. In the past f ive years a mathema-
t ical technique has therefore been developed to com-
bine the electromagnet ic and seismic techniques. This 
method, cal led joint inversion, takes advantage of the 
strengths of both methods: the very high spat ial resolu-
t ion of the ocean-bottom seismometers and the precise 
conduct ivity values of the electromagnet ic system, 
which provides informat ion about the methane content. 
Much better characterizat ions of methane hydrate depo-
sits can now be made than in the past , thanks to joint 
inversion methods. 
The joint inversion method will be used off Taiwan star-
t ing in 2014 to invest igate the format ion of gas hydrates 
there. Taiwan is especial ly interest ing because it is loca-
ted at a subduct ion zone where methane-r ich water is 
squeezed out of the sediment. Even today it is st i l l not 
known how much methane is released at subduct ion 
zones. This inhibits assessments of the total amounts of 
hydrates exist ing worldwide. A detai led analysis of the 
subduct ion zone off Taiwan and the amounts of meth-
ane released there could thus help to make more accura-
te est imates of occurrences in the future.
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Fear of disasters
In recent years the potent ial ly negat ive impact of meth-
ane hydrate mining on the marine environment and cli-
mate has been a source of heated debate in professional 
circles. Concerns have been voiced that extract ing the 
hydrates could release vast quant it ies of methane into 
the atmosphere. In this event the consequences would 
be disastrous, as methane is a greenhouse gas about 20 
t imes more potent than carbon dioxide. Some scient ists 
have claimed that such an increased release of methane 
from the oceans could accelerate cl imate change.
The possibi l ity that hydrate mining could generate 
submarine landslides on steep cont inental slopes has 
also been discussed. Like avalanches in mountainous 
regions, submarine landslides are natural events. They 
occur on cont inental margins where thick layers of soft 
sediment have accumulated, such as near r iver mouths. 
Similar to the alpine snow, the sediment at some stage 
becomes so heavy that it begins to sl ide downhill. Gas 
hydrates cement the pores between the f ine part icles of 
sediment and thus stabil ize the seabed. Some scient ists 
have claimed that dissociat ing the methane hydrates 
would destabil ize the sea f loor, and in the worst case 
scenario huge packages of sediments could sl ide down-
hil l, t r iggering powerful tsunamis along coastal areas. 
 
Environmental  damage from hydrate mining?
It is not uncommon for slopes to sl ide. There is even sci-
ent if ic evidence that landslides have been responsible 
for severe tsunamis. One such example is the Storegga 
Slide which occurred off the coast of Norway 7000 
years ago, when a large sect ion of the Norwegian cont i-
nental slope collapsed and sank. The mot ion was so 
great that 20-metre waves struck the shores of Scot land. 
This incident had nothing to do with methane hydrates, 
however. The Storegga slope began to move because, 
af ter the Ice Age, the Scandinavian cont inental plate 
began to slowly r ise, causing a port ion of the slope to 
break off. Such major sl ides are very rare, only st r iking 
every few thousand years.
Smaller landslides, on the other hand, are very com-
mon. A certain number of slopes around the world have 
suff icient accumulat ion of sediment for even a small dis-
rupt ion to generate a slump. For this reason it is vital 
that any potent ial dri l l ing site be closely evaluated in 
advance. Scient ists assert that environmental impact 
assessments in future will evaluate the r isk of land-
sl ides before methane hydrate mining can begin. 
However, uniform standards governing the survey of 
methane hydrate areas have yet to be developed. Japan 
and Korea, who are leading the way in this f ield, wil l for 
the t ime being choose shallow marine areas such as 
ocean basins for their act ivit ies, in order to largely pre-
clude the r isk of landslides.
The impact s  of  hydrate  m in ing
   > For a long t ime the r isks associated with methane hydrate mining were 
uncertain.  Today there is  widespread consensus that dri l l ing is  responsible for neither tsunamis nor 
leaks in sea f loor sediments through which large amounts of cl imate-damaging methane could escape 
into the ocean and the atmosphere.
3.14 > In freshwater 
lakes, such as this 
one near Fairbanks in 
Alaska, methane
bubbles can freeze 
in ice. 
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Relat ively small-scale methane hydrate mining does 
not cause landslides or t r igger tsunamis. Moreover, the 
investment costs are so exorbitant that part icipat ing 
companies are unwill ing to take the r isk of their dri l-
l ing equipment being destroyed on the seabed.
The introduct ion of carbon dioxide reduces the r isk 
of landslides from hydrate mining. Carbon dioxide is 
injected into the hydrate to replace the methane being 
released. The CO2 itself reacts with the water to form a 
solid hydrate, which re-stabil izes the sediments. 
Point source disruption
In one other respect , too, experts now tend to consider 
methane hydrate mining as relat ively benign. Unlike 
the mining of massive sulphides and manganese 
nodules, the disrupt ion of f ragi le seabed habitats is iso-
lated, because no major mass movement is involved. The 
sediment is churned up only in the immediate vicinity 
of the dri l l ing site.
Even where several boreholes are dri l led during the 
development stage of a reservoir, any disrupt ion is rela-
t ively minor. Oil and gas industry experience shows 
that dri l l ing does not af fect the marine environment to 
any measurable extent – apart f rom disasters of the 
magnitude of the Deepwater Horizon oi l plat form in the 
Gulf of Mexico. 
Could methane reach the atmosphere?
The not ion that large quant it ies of methane can f low up 
out of the oceans is not new. Some people even believed 
that this was the reason behind the mysterious disap-
pearance of ships in the Bermuda Triangle. According to 
this theory, enormous bubbles of methane rose from the 
depths and swamped the ships. We now know that such 
large bubbles cannot break loose from hydrates. Nor 
will hydrate mining cause signif icant amounts of 
methane gas to r ise freely into the atmosphere. There 
are several reasons for this:
•	 Scient ists	 recommend	 the	mining	 of	 only	methane	
hydrate deposits which are covered by a layer of 
sediment at least 100 metres thick. This amount of 
sediment prevents any methane bubbles which may 
form in the vicinity of the borehole from being 
released into the water.
•	 Unlike	natural	gas	and	oil,	methane	does	not	shoot	
up out of the borehole on its own. The hydrate must 
gradually break down (dissociate), result ing in the 
slow release of the methane. There is therefore no 
danger of a blow-out similar to the Deepwater Hori-
zon oil plat form in 2010. No large volumes of meth-
ane gas will be released to f low to the surface.
Origin of
methane in the
atmosphere
3% Hydrates and ocean
22% Wetlands
19% Coal and oi l 
mining and natura l 
gas product ion
16% Enter ic fermentat ion
12% Rice cult ivat ion
8% Biomass
burning
6% Landf i l ls
5% Sewage treatment
5% Animal waste
4% Termites 3.15 > Atmospheric 
methane comes mainly 
from land-based 
sources – particularly 
wetland areas. Only 
a small proportion is 
contributed by marine 
methane hydrates. 
Even global warming 
will not substantially 
increase this amount. 
Greenhouse effect
Water vapour, carbon 
dioxide (CO2), meth-
ane and other trace 
gases in the atmos-
phere at first allow 
the sun’s energy 
(short-wave radiation) 
to pass through to the 
Earth. This energy is 
converted to heat on 
the Earth’s surface and 
a large proportion is 
emitted back into the 
atmosphere in the 
form of long-wave 
radiation. Like the 
glass windows of a 
greenhouse, however, 
the gases prevent the 
long-wave thermal 
radiation from 
escaping into space. 
The Earth heats up.
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If methane should nonetheless escape from the sedi-
ment through a poorly-sealed borehole, then only very 
l it t le, i f any, methane will be capable of entering the 
atmosphere. We know that most of the hydrate deposits 
l ie at water depths of 500 to 3000 metres. Methane 
r ising from these depths is broken down before reach-
ing the surface. This is also t rue i f dri l l ing occurs in 
natural f ractures and f issures in the sea f loor. If meth-
ane hydrate were unintent ionally extracted in such 
regions, methane could leak into the water through 
these fault areas. Modern explorat ion procedures, 
however, can reliably detect such fault areas in advance 
so that dri l l ing here can be avoided.
Does global warming accelerate the breakdown 
of methane hydrates?
Methane is a powerful greenhouse gas, and we under-
stand that it is responsible for 15 per cent of the green-
house effect . For this reason scient ists have in recent 
years t r ied to est imate how much methane is released 
into the atmosphere annually. Wet lands, where large 
volumes of dead plant material are broken down by 
methane-producing bacteria, are considered to be the 
main source. Other sources include the stomachs of 
cows and other ruminants, r ice cult ivat ion, and oi l and 
gas product ion. How much methane, i f any, wil l in futu-
re be released into the atmosphere as a result of global 
warming has long been the subject of controversial 
debate. Scient ists base their calculat ions on 4 dif ferent 
types of methane hydrate reservoir types:
IN ONSHORE PERMAFROST REGIONS: Such methane 
hydrate reservoirs are found in regions such as Alaska, 
Canada and Siberia. They contain only approximately
1 per cent of the global volume. Their impact on the cl i-
mate would be equally insignif icant. In most of these 
regions the deposits are situated at depths of more than 
300 metres. Scient ists believe that global warming 
would, at most, cause the upper layers of methane 
hydrate to thaw. This process is l ikely to take several 
thousand years. Deposits at depths of about 20 metres 
would be much more sensit ive to warming, but these 
are rarer and the total volume of methane is minimal.
IN FLOODED PERMAFROST REGIONS ON THE ARCTIC 
SHELF: Rising sea levels af ter the last Ice Age were 
responsible for the f looding of permafrost regions in the 
Arct ic. Because the temperature of the water, being 
sl ight ly above 0 degrees Celsius, is considerably warmer 
than that of the Arct ic air, the f looded permafrost began 
to thaw. Now, several thousand years later, the thaw 
has reached the depth of the gas hydrate stabil ity zone 
(GHSZ). The hydrates are slowly dissociat ing and relea-
sing methane. This is occurring in many parts of the 
seabed, including the Siberian shelf. The impact of 
human-induced climate warming on this process will 
cont inue to be minimal. Computer models show that i f 
any methane hydrates do in fact thaw, this process will 
be l imited to those buried in sediments at depths of only 
10 to 20 metres. Such deposits are, however, rare. As 
the water in the shelf regions is relat ively shallow, this 
methane would indeed be released into the atmosphere. 
It is est imated that the f looded permafrost regions of the 
Arct ic shelf contain less than 1 per cent of the global 
volume of methane hydrates. 
ON CONTINENTAL MARGINS (UPPER BOUNDARIES 
OF THE GHSZ): These methane hydrate deposits are 
situated exact ly where the GHSZ begins – most ly at 
depths of 300 to 500 metres. Because of their locat ion at 
the upper boundary of the GHSZ they are part icularly 
vulnerable to ocean warming. Even minimal warming 
would cause them to start to dissociate. In other regions 
gas hydrates act as a type of plug and obstruct deeper-
lying methane gas bubbles. These plugs could also 
break loose to release addit ional methane gas. It is est i-
mated that deposits along the cont inental margins and 
the upper margins of the GHSZ contain about 3 per cent 
of the global volume of methane hydrates. 
ON DEEP-SEA CONTINENTAL MARGINS: The largest 
proport ion, about 95 per cent, of methane hydrate depo-
sits is found in the sediments of deep-sea cont inental 
margins at depths of 500 to 3000 metres, where water 
pressures are high. Rising seawater temperatures as a 
result of cl imate change have l it t le ef fect on the stabil i-
ty of these hydrates. First ly, the pressures are so high 
that a minimal temperature increase is not enough for 
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Bac ter ia consume methane
Methane r is ing up from the sediments is, to a large extent, con-
sumed by microorganisms that l ive in the upper layers of the sea 
f loor and in the water. 
Anaerobic bac ter ia – bac ter ia that can survive without oxy-
gen – are ac t ive in the ocean f loor. They process the methane 
with the help of sulphate (SO² –), thus producing hydrogen sul-
phide anions (HS –), hydrogen sulphide (H2S) and bicarbonate 
(HCO3). The bicarbonate can reac t with ca lc ium ions (Ca² +) to 
form l ime, or ca lc ium carbonate (CaCO3), which precipitates in 
the ocean f loor.
Aerobic bac ter ia – which need oxygen – are ac t ive in seawater. 
Together with oxygen (O2) they conver t methane (CH4) into car-
bon dioxide and water (H2O). The methane therefore s lowly 
breaks down dur ing it s journey from the seabed up through the 
seawater. The greater the depth from which the methane r ises, 
the far ther it has to travel and the less methane reaches the 
upper water layers and the atmosphere. However, we should not 
forget that aerobic methane oxidat ion in par t icular can change 
the chemical composit ion of the seawater. Firs t ly, the reac t ion of 
the oxygen with methane reduces the oxygen concentrat ion in 
the water. This can give r ise to problems because many mar ine 
organisms cannot survive in oxygen-def ic ient areas. Secondly, 
the carbon dioxide reac t s with seawater to form carbonic acid 
which causes acidif icat ion of the seawater.
 The explosion at the Deepwater Horizon oi l r ig in the Gulf of 
Mexico in Apr i l 2010, however, showed that the impact of the 
a ltered mar ine chemistry is smal l-sca le and tends to be minor. 
Apar t from the oi l, large volumes of methane were a lso released 
into the water surrounding the accident s ite. Af ter the ca lamity 
sc ient is t s measured a reduct ion in the oxygen content in the vic i-
nity of the plat form. The changes were minimal, and no negat ive 
impact on mar ine l i fe could be ver if ied. Having sa id this, we can-
not be cer ta in that lower oxygen levels and acidif icat ion around 
methane sources would not s tress mar ine animals, result ing in 
poor growth and reproduct ion rates. For example, seawater aci-
dif icat ion around volcanic spr ings near the Mediterranean is land 
of Ischia has impaired the abi l i ty of many mar ine organisms to 
form their shel ls . 
ATMOSPHERE
WATER COLUMN
OCEAN FLOOR
Anaerobic methane oxidat ion
HCO3
– + HS – + H2OCH4 + SO4
2–
Aerobic methane oxidat ion
CO2 + 2 H2OCH4 + 2 O2
CH4CaCO3
H2S
3.16
4
–
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the hydrates to break down. Secondly, it wil l take many 
thousands of years for the warming to spread from the 
surface to the deep water or the sediment.
Because many marine areas have not yet been adequate- 
ly explored, it is impossible to say with any certainty 
what the exact proport ional dist r ibut ion is. Most scien-
t ists, however, agree that cl imate change will not 
t r igger any catastrophic mass meltdown of methane 
hydrates, because by far the greatest hydrate volumes 
are stored in the sediments of deep-sea cont inental mar-
gins. One topic of discussion, however, is whether 
methane has ever before been released en masse from 
hydrates. 
Apparent ly cl imate warming was responsible for 
periodic mass meltdowns mill ions of years ago. These 
then started a chain react ion and the methane gas is 
said to have heated the Earth even more. Some resear-
chers believe that this could have been the case with 
the Paleocene-Eocene Thermal Maximum (PETM) 
roughly 55 mill ion years ago. Within a period of 20,000 
years during the PETM, worldwide temperatures rose 
by an average of 6 degrees Celsius. This is a great deal 
when we consider that cl imate researchers today ant ici-
pate signif icant changes to the cl imate from a global 
temperature r ise of l it t le more than 2 degrees Celsius. 
The causes of the Paleocene-Eocene Thermal Maximum 
remain a source of controversial debate among scien-
t ists, and some suspect that it could have been tr iggered 
or at least intensif ied by the release of methane gas.
 Experts believe that the dissociat ion of gas hydrates 
will contribute l it t le to global warming during the next 
few centuries. But i f we look at longer periods of t ime, 
through several mil lennia, it is certainly possible for 
increased quant it ies of methane to be emitted. Init ial ly 
the human-induced, anthropogenic carbon dioxide 
emissions would lead to an extended period of war-
ming, as most of the carbon dioxide  released would st i l l 
be present in the atmosphere in more than a thousand 
years – long after we are supplying our energy needs 
from renewable sources. Such long-term warming 
would cause the hydrates to slowly break down. It is 
therefore not inconceivable that the long-term effect of 
today’s carbon dioxide emissions could intensify the 
dissociat ion of gas hydrates, adding further momentum 
to the greenhouse effect . 
Methane hydrates
on cont inenta l margins
(approx. 3%)
Methane hydrates
in permafrost soi ls
(approx. 1%
of global volume) Old methane hydrates in
f looded permafrost soi ls
(< 1%)
Methane hydrates on
deep-sea cont inenta l margins
(approx. 95%)
Climate-sensit ive
Relat ively s table
3.17 > Deposits of 
methane hydrates are 
found in different 
settings around the 
world. The effects of 
climate change and 
global warming are not 
the same for each 
setting. Most methane 
hydrates are buried 
beneath the deep 
ocean, where they are 
largely protected from 
dissociation.
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Conclus ion
Valuable resource or greenhouse gas?           
Methane hydrates are found in the soft seabed of 
cont inental margins al l around the world, at water 
depths of 300 to 3000 metres. The largest deposits 
are encountered below 500 metres. Methane 
hydrates are formed from water and methane gas at 
certain temperatures and high pressures. The 
warmer the water, the higher the water pressure 
needs to be, and the deeper the deposits are then 
buried.
According to current est imates, global hydrate 
deposits contain about 10 t imes more methane gas 
than convent ional natural gas deposits. Therefore 
they should be taken very seriously as a potent ial 
energy resource. Test dri l l ing has shown that it is 
certainly possible to harvest methane hydrates in 
the ocean f loor. Nat ions such as Japan and Korea in 
part icular, which at present are forced to import 
most of their energy resources, hope that methane 
hydrates will help them reduce their dependence 
on expensive foreign fuel supplies. However, 
methane hydrate mining in the soft sediments 
calls for dif ferent procedures from those used to 
exploit marine oi l and gas, and the dri l l ing and pro-
duct ion technology needed is not yet available. It is 
expected that the appropriate equipment will be 
developed within the next few years; init ial proto-
types are already in hand. Feasibi l ity studies are 
also current ly being carr ied out. Compact produc-
t ion equipment for placement on the sea f loor is 
envisaged.
One major obstacle is that , unlike convent ional 
natural gas, the methane is f irmly entrapped in the 
hydrates and does not f low freely into the bore-
hole. The methane hydrates must f irst be disso-
ciated in situ, which makes the f low rate of such 
deposits slower than convent ional gas product ion. 
It remains to be seen whether hydrate extract ion at 
great depths is economically viable at al l.
As most methane hydrates form on the cont i-
nental slopes, cr it ics were at f irst worried that dri l-
l ing into the soft sediments could possibly t r igger 
landslides, and in turn tsunamis. In the meant ime, 
geoscient ists have conducted further research and 
have ruled out such concerns. Avalanche-l ike 
landslides are a natural phenomenon, they say, and 
quite regular occurrences. The dri l l ing could in 
principle generate such slumps, but these would be 
too minor and their energy levels too low to cause 
tsunamis.
There were also fears that dri l l ing on the ocean 
f loor could cause large amounts of methane to 
erupt from the seabed, r ise through the water and 
ult imately into the atmosphere. As methane is a 
powerful greenhouse gas, this would exacerbate 
global warming. Scient ists now know that this 
wil l not happen because, unlike gas and oil, the 
methane is bound up in hydrates and cannot f low 
out of the borehole on its own. It is gradually re-
leased as the hydrate slowly breaks down in the 
soil during mining. The type of blowout that can 
occur in an oi l borehole is therefore inherent ly 
impossible. Even if methane is released from the 
seabed into the water, it wil l be broken down by 
bacteria as it migrates through the water column to 
the surface.
Today there is a broad consensus in the scient i-
f ic community that global warming will not gene-
rate an intense release of methane during this cen-
tury – or even during the next several centuries. 
However, i f we consider longer geological periods 
of t ime the situat ion looks quite dif ferent. Climate 
change could warm up the oceans so much in the 
next few millennia that substant ial volumes of 
hydrate – part icularly in shallow marine areas – 
could dissociate. The released methane that is not 
completely broken down during its short path to 
the surface could end up in the atmosphere af ter 
al l.
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   >  To ensure that ocean mining does not esca late into a compet i t ion for the most 
promising c la ims, a UN agenc y adminis ters the mar ine minera ls in the internat ional seabed area , 
ensur ing that the environment is  protec ted and that developing count r ies can share in the benef i t s . 
Commerc ia l  ac t iv i t ies in coasta l  s tates’  waters ,  however,  a re regulated by nat ional law. As the of f-
shore oi l  indust r y shows, this does not a lways af ford adequate protec t ion for the environment . 
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Doing things better
With many onshore oi l, gas and ore deposits now more 
or less exhausted, the pressure on offshore resources is 
increasing. Oil and gas have been produced offshore for 
decades, and companies began extract ing these fossi l 
resources in deep water some t ime ago. By contrast , ore 
extract ion from the seabed has not yet begun. 
Disasters such as the Deepwater Horizon oi l r ig 
explosion and numerous tanker incidents have high-
l ighted the dangers of offshore oi l product ion and t rans-
portat ion. 
But onshore too, mining, quarrying and oil produc-
t ion are destroying rainforests and human sett lements 
and pollut ing soils and r ivers. The challenge now is to 
prevent degradat ion on this scale from occurring in the 
marine environment in future by ensuring that marine 
resource extract ion is safe and clean.
Humankind’s most comprehensive treaty 
The primary instrument governing the protect ion of 
seas is the United Nat ions Convent ion on the Law of the 
Sea (UNCLOS). UNCLOS was adopted at the 1982 UN 
Conference on the Law of the Sea and came into force, 
af ter protracted negot iat ions, in 1994. It is the “const itu-
t ion for the seas”. The most comprehensive interna- 
t ional t reaty ever concluded, it establishes rules for al l 
types of use: navigat ion, f ishing, oi l and gas extract ion, 
seabed mining, marine conservat ion and marine scien-
t i f ic research. 
To date, 165 states and the EU have signed and rat i-
f ied the Convent ion. UNCLOS establishes the general 
obligat ion for states part ies to protect the marine envi-
ronment, which is then elaborated in more detai l in 
specif ic regulat ions for the various types of use. 
UNCLOS applies in principle to al l marit ime zones 
and to al l states which, by rat i fying the Convent ion, 
agree to be bound by this legal regime. However, states’ 
jurisdict ion and powers to implement legislat ion vary in 
each of the marit ime zones. The fol lowing legal zones 
are dist inguished: 
TERRITORIAL SEA: The terr itorial sea – the 12-mile 
zone – is the sovereign terr itory of the coastal state. 
Act ivit ies in this marit ime zone are governed by the 
laws and regulat ions adopted by the coastal state. 
Coastal states that have rat i f ied UNCLOS must ensure 
that their legislat ion is in l ine with its provisions. 
EXCLUSIVE ECONOMIC ZONE (EEZ): The exclusive 
economic zone starts at the seaward edge of the terr ito-
r ial sea and extends to a distance of 200 naut ical miles 
(approximately 370 km) from the coastal baseline. The 
EEZ is therefore somet imes known as the 200 naut ical 
mile zone. The seabed and the water column form part 
of the EEZ. Unlike the terr itorial sea, this zone does not 
form part of the coastal state’s sovereign terr itory. 
However, each coastal state has exclusive r ights to 
exploit the natural resources there, such as oi l and gas, 
minerals and f ish stocks. Other nat ions may only exploit 
these resources with the coastal state’s consent. Re-
source extract ion in the EEZ is governed by the legis-
lat ion adopted by the coastal state, which must be in 
l ine with UNCLOS provisions. For other types of use, 
part icularly shipping, the principle of f reedom of the 
high seas applies in the EEZ as well. 
CONTINENTAL SHELF: The cont inental shelf com- 
prises the seabed that extends, with a steep or gent le 
gradient, outward from the coastal baseline and const i-
tutes the natural geological prolongat ion of the coastal 
The internat iona l  commun it y ’s  responsibi l i t y
   > The future exploitat ion of marine minerals in international waters is  regu-
lated by the International Seabed Authority ( ISA).  I t  ensures that marine minerals are equitably 
distr ibuted among the world’s countr ies and that damage to seabed habitats is  minimized. Clear regu-
lat ions and environmental  standards are thus in place before exploitat ion begins.  For environmenta-
l ists,  however,  the nature conservation provisions governing marine mining do not go far  enough. 
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state’s land terr itory. The cont inental shelf is of part icu-
lar economic relevance as it is here that large oi l and gas 
f ields, gas hydrates and massive sulphides are found. 
The “inner cont inental shelf” has the same spat ial scope 
as the EEZ (200 naut ical miles). In some cases, the con-
t inental shelf drops to such a depth that it forms part of 
the deep ocean f loor. However, in many parts of the 
world, there are regions in which an outer cont inental 
shelf is geologically ident if iable which starts within the 
EEZ and stretches beyond the 200 naut ical mile l imit , 
thereby extending the coastal state’s sphere of inf lu-
ence. The state may apply to establish these extended 
outer l imits of its cont inental shelf by submitt ing scien-
t i f ic evidence to the Commission on the Limits of the 
Cont inental Shelf (CLCS) in New York. The Commission 
then makes a binding recommendat ion on recognit ion 
of this outer l imit , which may not exceed 350 naut ical 
miles from the baseline. Alternat ively, a coastal state 
may request recognit ion of an outer l imit up to 100 nau-
t ical miles seawards – and in some cases even more – 
from the 2500 metre isobath as the extension of its con-
t inental shelf beyond the l imits of the EEZ. 
HIGH SEAS: After the 200 naut ical mile l imit is the 
marit ime zone known as the high seas. No state may 
subject any part of the high seas to its sovereignty. The 
high seas are open to al l states. Nonetheless, regula-
t ions apply to the exploitat ion of the resources of the 
high seas. Fishing, for example, is regulated by Regional 
Fisheries Management Organizations (RFMOs), which 
set a Total Allowable Catch for individual species. By con-
trast, just one organization – the International Seabed 
Authority (ISA) established by the United Nations – is 
responsible for controll ing the al locat ion and exploita-
t ion of resources in and on the seabed. The Authority’s 
jurisdict ion extends to al l mineral resources of the 
seabed beyond nat ional jurisdict ion, which UNCLOS 
def ines as the common heritage of mankind.
4.1 > The United Nations Convention on the Law of the Sea 
divides the sea into various legal zones, with the state’s sove-
reignty decreasing with increasing distance from the coast. 
Every state has a territorial sea, not exceeding 12 nautical 
miles, which extends from the baseline. In the territorial sea, 
the sovereignty of the coastal state is already restricted, as 
ships of all states enjoy the right of innocent passage through 
it. In the exclusive economic zone (EEZ), which extends for up 
to 200 nautical miles from the coastal baseline, the coastal 
state has exclusive rights for the purpose of exploring and ex-
ploiting the natural resources, whether living or non-living, of 
the waters. This means that it is entitled to exploit any oil and 
gas fields, mineral resources and fish stocks found here. On 
the continental shelf, which is defined as the natural prolon-
gation of a country’s land territory and may extend beyond the 
EEZ, the coastal state has sovereign rights for the purpose of 
exploring and exploiting the natural resources, whether living 
or non-living, on or under the seabed. 
Deep sea
The deep sea refers to 
the totally dark layers 
of the ocean below 
around 800 metres. 
On some coasts and 
continent shelves, the 
transition from the 
land to deep sea is so 
abrupt that a depth  
of 800 metres or more  
is reached within the 
EEZ. The coast of 
Japan is just one  
example.
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In simple terms, then, a dist inct ion can be made bet-
ween nat ional and internat ional marit ime zones. The 
ISA has jurisdict ion over marine mining in internat ional 
waters, including – at least in theory – oi l and gas pro-
duct ion. However, oi l and gas f ields are mainly found in 
the EEZs, so the extract ion of these resources in interna-
t ional waters is not an issue at present. 
UNCLOS – a long t ime in the making
Whereas gas and oil f ields are mainly located in the 
EEZs, high-yield manganese nodules and, to some 
extent, cobalt-r ich crusts and massive sulphide deposits 
are found in the high seas. Experts often use the term 
“the Area” to denote the seabed, ocean f loor and subsoil 
in internat ional waters beyond the l imits of nat ional 
jurisdict ion.
For many years, the al locat ion of the Area’s seabed 
resources was a content ious issue for the internat ional 
community, and this was one of the main reasons why 
UNCLOS did not enter into force unt i l 1994, 12 years 
af ter its adopt ion by the UN Conference on the Law of 
the Sea. UNCLOS was conceived in the 1970s, which 
was a t ime of great change in two respects. First ly, with 
the discovery of extensive manganese nodule deposits 
in the Pacif ic, the sea seemed to be a vast repository of 
natural resources which were there for the taking. 
Secondly, many former French, Brit ish and Portuguese 
colonies had become sovereign states and were now 
seeking to cement their polit ical and economic inde-
pendence, inter al ia by assert ing their claims to marine 
resources. Accordingly, in 1982, UNCLOS init ial ly pro-
vided for the establishment of an Internat ional Seabed 
Authority (ISA), which in turn was to set up a body, 
known as the “Enterprise”, to serve as the ISA’s own 
mining operator. The idea was that benefits would be 
shared equitably among the various states. Under the 
Convent ion, the industr ial ized countries would share 
their scient if ic knowledge and mining technology free 
of charge for the benefit of al l. The former colonies and 
developing countries rat i f ied UNCLOS immediately, but 
there were protests from the industr ial nat ions. 
In subsequent years, the modalit ies for a future 
marine mining regime were renegot iated in order to 
achieve a consensus on UNCLOS. Among other things, 
the requirement for no-cost technology t ransfer was 
dropped, and the establishment of an “Enterprise” was 
postponed indefinitely. These new rules and amend-
ments were f inally incorporated into the 1994 Agree-
ment on Implementat ion, which supplements the Con-
vent ion. Today, the rules and regulat ions contained in 
the Convent ion and the Agreement are implemented by 
three internat ional bodies: 
•	 the	 Internat ional Tribunal for the Law of the Sea 
(ITLOS) in Hamburg;
•	 the	 Commission	 on	 the	 Limits	 of	 the	 Cont inental	
Shelf (CLCS), which decides on the extension of 
individual states’ exclusive economic zones; 
•	 the	 Internat ional	 Seabed	 Authority	 (ISA),	 which	
controls seabed mining in the Area. 
Both the Convent ion and the Agreement establish the 
rules applicable in “the Area”, the 12-mile zones and 
the EEZs. For example, states part ies are required to 
adopt legislat ion to l imit and control mining act ivit ies 
and must protect and preserve rare or fragi le ecosy-
4.2 > The island 
state of Nauru is 
the world’s smallest 
republic. With an area 
of around 20 square 
kilometres, it is 
roughly twice the size 
of Capri. 
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stems and the habitats of endangered species. Cross-
border pollut ion must be avoided. Companies and states 
may be held l iable for any damage caused. 
Clear rules for marine mining
The Convent ion and the Agreement establish a legal 
f ramework formulated in general terms. They do not 
provide any detai led instruct ions for pract ical act ion. 
The ISA has thus adopted regulat ions for each of the 
three types of mineral resources found in “the Area” – 
manganese nodules, cobalt-r ich crusts and massive sul-
phides – with detai led provisions on the mining of the-
se resources. At present, these regulat ions only cover 
the f irst two phases of marine mining, i.e. prospect ing 
and explorat ion. As prospect ing merely involves general 
seismic surveying of the seabed by ship, with minimal 
ground sampling, prospect ing act ivit ies simply have to 
be disclosed to the ISA. Explorat ion, on the other hand, 
involves intensive seabed sampling and therefore 
requires a l icence from the ISA. Regulat ions for com-
mercial exploitat ion do not exist as yet; a draft regulato-
ry framework for exploitat ion of manganese nodules is 
expected in 2016 at the earl iest . 
The absence of a regulatory regime for exploitat ion 
is due in part to a number of unresolved environmental 
issues. Intensive explorat ion is under way in various 
areas, and scient ists on research vessels are constant ly 
collect ing new informat ion about seabed habitats. The 
f indings will feed into the future exploitat ion regime, 
which should be in place long before mining of man-
ganese nodules starts. No country current ly has any 
specif ic plans to begin nodule exploitat ion.
One authority for al l  states
The ISA is a small authority with just 40 permanent 
members of staf f, who come from a variety of countries. 
It owes its existence to the fact that the internat ional 
community was able to agree that the use of seabed 
resources should benefit al l states. The ISA is develop-
ing clear rules before the exploitat ion of marine mine-
rals begins. It is the f irst t ime in history that such an 
approach has been taken, and contrasts starkly with the 
situat ion onshore where, regardless of the type of 
resource – coal, oi l or gas – exploitat ion has invariably 
taken precedence, result ing in environmental degrada-
t ion, unt i l it was recognised that mistakes had been 
made and remedial act ion should be taken. 
The ISA is also responsible for deciding whether a 
state or company should receive a l icence. To date, the 
ISA has granted around 25 explorat ion l icences. No 
exploitat ion l icences have been issued as yet. States 
wishing to explore an area of the sea must apply to the 
ISA for an explorat ion l icence, for which a fee of 
500,000 US dollars is payable. Private companies can 
also apply for a l icence, subject to their applicat ion 
being sponsored by their home state. The sponsoring 
state provides guarantees that the company has suff i-
cient f inancial and technical capabil ity, and accepts 
l iabil ity for the company’s act ivit ies. An explorat ion 
l icence is valid for 15 years and may be renewed once 
for a further f ive years. It is noteworthy that al l the 
regulat ions can be expanded and updated on an ongoing 
basis so that the ISA can bring them into l ine with new 
scien-t i f ic f indings or extract ion technologies. 
Under ISA rules, developing countries which lack 
relevant expert ise of their own can part icipate in deep-
sea mining in “the Area” by entering into cooperat ion 
with a mining company, provided that the company 
establishes a subsidiary in the developing country. This 
is now possible following a decision by the Internat ional 
Tribunal for the Law of the Sea, whereby the developing 
country must accept l iability for the company concerned. 
One of the f irst countries to take this path is the island 
state of Nauru, which is cooperat ing with a mining com-
pany via a subsidiary incorporated in Nauru.
4.3 > The Interna-
tional Seabed Autho-
rity (ISA), based in 
Kingston, Jamaica, 
is responsible for 
ensuring the equitable 
sharing of benefits 
derived from seabed 
minerals.
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Already regulated:  
manganese nodule exploration
So far, the regulatory regime for manganese nodules, 
known as the Regulat ions on Prospect ing and Explora-
t ion for Polymetall ic Nodules in the Area, RPEN, is the 
most advanced one. This mineral is easier to extract 
than cobalt-r ich crusts and massive sulphides and is 
l ikely to be the f irst to be exploited in “the Area”. 
The f irst explorat ion l icences were issued as early as 
2001 to six applicants, or “pioneers”: China, Japan, 
France, Russia, South Korea and the Interoceanmetal 
Joint Organizat ion (a consort ium involving Bulgaria, 
Cuba, the Czech Republic, Poland, Russia and the Slovak 
Republic). 
The framework for manganese nodules contains 40 
Regulat ions. Among other things, these Regulat ions 
state that the applicant must divide the area for explora-
t ion into two parts of equal est imated commercial value, 
each covering no more than 150,000 square ki lome-
tres – making two areas, each equivalent to the com-
bined area of England and Wales. The ISA selects one of 
the two areas for itself – this is then a “reserved area” – 
and issues an explorat ion l icence to the applicant for the 
other area. 
The “reserved area” can cont inue to be reserved for 
the “Enterprise”, to be established at a later date, or may 
be made available to developing countries wishing to 
engage in marine mining operat ions in future. The iden-
t ity of these countries is st i l l unclear, however. As the 
“reserved area” has already undergone prospect ing, the 
developing country can dispense with this cost ly proce-
dure and start explorat ion direct ly. 
Under ISA rules, the maximum area of 150,000 
square ki lometres al located to a state under the l icence 
is subsequent ly reduced over t ime. Port ions of the area 
explored – amount ing to 75,000 square ki lometres af ter 
eight years from the date of the contract – progressively 
revert to the ISA. This procedure is known as “relin-
quishment”. This means that the contractor cannot 
place any areas in reserve but must decide early on 
which area of seabed he wishes to cont inue to explore 
with a view to mining there in future. This ensures that 
a nat ion does not seize al l the most att ract ive sites for 
itself. The relinquishment clause does not apply i f the 
total area al located to a state for explorat ion is smaller 
than 75,000 square ki lometres. 
The regulat ions governing manganese nodules also 
contain provisions on the conduct of explorat ion act ivi-
t ies and establish a requirement for environmental 
impact assessments. Such an assessment must be car-
r ied out, for example, during explorat ion phases with 
intensive sampling, and must include test ing of the 
equipment and methods to be used. In addit ion, i f t r ial 
sediment plume generat ion is carr ied out during explo-
rat ion, this requires an environmental impact assess-
ment. The aim is to determine the impact of large-scale 
operat ion of mining vehicles on the seabed. The con-
t ractor must report regularly to the ISA on the progress 
of explorat ion act ivit ies. The ISA may also deploy inde-
pendent observers on the contractor’s research vessels. 
There are plans to soon make the rules on explorat ion 
even more str ingent and detai led. To date, the ISA has 
approved 13 applicat ions for l icences for manganese 
nodule explorat ion. 
Exploring massive sulphides in blocks
The rules applicable to prospect ing and explorat ion for 
massive sulphides and cobalt-r ich crusts are similar to 
those which apply to manganese nodules, but there are 
some variat ions on points of detai l. 
The Regulat ions on Prospect ing and Explorat ion for 
Polymetall ic Sulphides in the Area, adopted in 2010, 
apply to the known hydrothermally formed deposits of 
sulphides, including some 165 deposits whose exploita-
t ion appears to be viable. Under the Regulat ions, the 
area covered by each applicat ion may not exceed 
300,000 square ki lometres in size. The subsequent 
explorat ion must then be confined to a small part of this 
area, comprising not more than 100 blocks of at most 10 
by 10 kilometres. The blocks must be arranged by the 
applicant in at least f ive clusters. The ISA’s purpose, in 
adopt ing these provisions, is to ensure that companies 
or states do not secure high-yielding sites for them-
selves across a wide area but confine their act ivit ies to 
small areas. As a result , the actual explorat ion area ult i-
mately amounts to no more than 10,000 square ki lome-
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4.4 > Under the ISA 
Regulations, a country 
is initially allocated a 
large exploration area, 
half of which must 
later be relinquished 
to the ISA. This half is 
then reserved for 
developing countries. 
However, the state 
may not exploit the 
remaining half in its 
entirety. Some parts of 
the area must be 
excluded in the 
interests of deep-sea 
fauna conservation.
t res (100 blocks of 100 square ki lometres). These Regu-
lat ions also contain a relinquishment clause. Within 
specif ied t ime periods, the contractor must relinquish 
the major part of the area al located for explorat ion, with 
the remaining area al located after relinquishment not 
exceeding 2,500 square ki lometres. This remaining 
area would presumably offer the applicant the best pro-
spects for exploitat ion of the resource, with the rest 
being relinquished to the Internat ional Seabed Authori-
ty. So here too, the area ult imately remaining for com-
mercial exploitat ion is signif icant ly reduced. Applica-
t ions for prospect ing and explorat ion of massive 
sulphides have been submitted by China, France, India, 
Russia and South Korea. Germany is current ly pre-
paring an applicat ion. 
Rules on the exploration of cobalt-r ich crusts
The latest Regulat ions on Prospect ing and Explorat ion 
for Cobalt-r ich Ferromanganese Crusts in the Area were 
adopted at the 18th session of the ISA in 2012. Here, the 
challenge was to develop rules for a resource for which 
no feasible mining technology current ly exists. Further-
more, the crusts are found on seamounts, which are 
known to be part icularly species-r ich habitats, and 
many of which are already at r isk from f ishing and bot-
tom trawling. Mining would intensify the pressure on 
these habitats. 
Under the Regulat ions, the area covered by each 
applicat ion for prospect ing must be located ent irely 
within a geographical area measuring not more than 
550 by 550 kilometres. The area covered by subsequent 
explorat ion must comprise not more than 150 cobalt 
crust blocks no greater than 20 square ki lometres in 
size, which must be arranged by the applicant in clus-
ters consist ing of no more than f ive blocks. By the end 
of the tenth year from the date of the contract , the con-
t ractor must have relinquished to the ISA at least two 
thirds of the original area al located to it . 
The ISA is current ly considering a Russian applica-
t ion. China and Japan have already been issued with 
explorat ion l icences, making China the f irst country in 
the world to hold explorat ion l icences for al l three types 
of marine mineral resources. 
Exploration and future exploitation of 
manganese nodules
UNCLOS (Ar t icle 136)
def ines the mar ine minera ls in the 
internat ional seabed area (“the 
Area”) as “the common her itage of 
mankind”.
International Seabed Authority 
( ISA)
adopts regulat ions for prospec t ing 
and explorat ion. Rules on exploi-
tat ion are expec ted by 2016 at the 
ear l ies t .
ISA
The other 75,000 square ki lometres are re-
ta ined for mar ine mining. Only par t of this 
area wi l l be exploited. Some par t s are kept as re-
ference zones for the conservat ion of biodivers ity. 
Harvest ing wil l only take place in areas with high 
nodule density.
Prospec t ing 
area
150,000
150,000
75,000
150,000
75,000
150,000
A state under takes prospec-
t ing ac t ivit ies in a large area 
of the seabed. Prospec t ing 
must merely be disc losed to 
the ISA .
The s tate appl ies to the ISA 
for an explorat ion l icence for 
two areas of equal est imated 
commercia l va lue, each 
amount ing to 150,000 square 
ki lometres, in a par t of the 
seabed that has a lready been 
prospec ted.
The ISA selec t s one of 
these areas for i t self 
and reta ins this a s a “reserved area” 
for subsequent exploitat ion by the 
“Enterpr ise” or developing countr ies. 
Af ter eight years, at the latest , the 
s tate rel inquishes 75,000 square 
ki lometres of explored area 
to the ISA .
The appl icant s tate receives 
the other area for explorat ion.
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Clearing the way for exploitat ion
Under al l three sets of Regulat ions, the ISA, by grant ing 
a l icence, expects the states engaged in explorat ion to 
maintain standards of good conduct. Should it t ranspire, 
during explorat ion, that the applicant is causing exces-
sive damage to the natural environment or is fai l ing to 
comply with the rules, an applicat ion to extend the 
explorat ion period or to exploit the marine mineral in 
future may be denied. Indeed, the ISA has the power to 
withdraw the l icences for al l three marine minerals. 
Regulat ions on the exploitat ion of marine minerals have 
not yet been f inalized. However, in 2012, the Secretary-
General of the ISA presented a workplan and t imetable 
for the formulat ion of regulat ions on manganese nodule 
exploitat ion, to be established prior to 2016. The regula-
t ions are to include the fol lowing provisions: 
•	 Exploitat ion	should	start	with	a	mining test on a 20 
to 50 per cent commercial scale. It is ant icipated 
that the data and informat ion obtained from this 
mining test wil l feed into the regulat ions, part icu-
larly as regards safety and the protect ion of the 
marine environment. 
•	 Comprehensive	environmental monitoring must be 
established and other environmental impact assess-
ments performed throughout the exploitat ion phase. 
Monitoring means cont inuous long-term scient if ic 
observat ion and documentat ion of al l operat ions, 
whereas environmental impact assessments are 
addit ionally carr ied out for individual act ivit ies. 
Monitoring and assessments should be updated 
regularly to take account of the latest scient if ic 
knowledge and mining technology. 
•	 Contractors	must	provide	detai led	informat ion	about	
the ent ire product ion process, including informa-
t ion on collect ion techniques; depth of penetrat ion 
into the seabed; methods for nodule separat ion and 
washing on the seaf loor; methods for t ransport ing 
the nodules to the surface; methods for discharging 
product ion residues (tai l ings); locat ion and durat ion 
of the mining test; and environmental impacts. 
One opt ion current ly under discussion is to issue 
provisional mining l icences for approximately three 
years, in l ine with the precaut ionary approach, with a 
view to gathering experience. Regular l icences would 
then be issued to applicants af ter three years i f no con-
cerns arise. 
It is unclear, at present, how high the mining royal-
t ies should be in future. It is essent ial to determine 
whether the best system would be based solely on 
mining royalt ies or involve a combinat ion of royalt ies 
and prof it-sharing for the ISA. In addit ion, a f ixed an-
nual fee – in an amount that has st i l l to be determined 
– could become due at the start of product ion. For the 
mining companies, these f inancial arrangements – 
alongside environmental protect ion obligat ions – will 
be a crucial factor in their decision on whether or not to 
begin marine mineral exploitat ion in “the Area“. 
For the future, the ISA is planning to incorporate 
the comprehensive set of rules, regulat ions and proce-
dures for prospect ing, explorat ion and exploitat ion of 
marine minerals in the internat ional seabed area into a 
single item of legislat ion known as the Mining Code.
The “Enterprise” – the ISA’s commercial  arm
Interest ingly, the debate about the establishment of an 
“Enterprise“, as the commercial arm of the ISA, has 
recent ly resumed. This was prompted by a proposal 
received by the ISA from an Australian/Canadian 
mining company to develop a joint venture with the 
“Enterprise“ and to contribute the requisite mining 
technology. The establishment of such an undertaking 
is ent irely possible, in principle, within the framework 
of the UNCLOS Agreement on Implementat ion and 
would in no way conf l ict with the concept of equitable 
benefit sharing. The “Enterprise“ would not compete 
with indi-vidual states for areas of the seabed but would 
undertake mining operat ions in unallocated areas. The 
benefits  would then be shared equitably. This would 
mean that there would be two strands to the ISA’s work 
in future: it would cont inue to act as the authority 
responsible for issuing l icences, and would also operate 
as the “Enterprise“. At present, however, there are no 
clear rules for the establishment of the ”Enterprise“, and 
Precautionary 
approach
The precautionary 
approach is applied in 
risk management and 
was among the prin-
ciples adopted at the 
1992 United Nations 
Conference on Envi-
ronment and Develop-
ment (UNCED) in Rio 
de Janeiro. According 
to the precautionary 
approach, where there 
are threats of serious 
or irreversible damage 
to the environment, 
lack of full scientific 
certainty shall not be 
used by states as a 
reason for postponing 
measures to prevent 
environmental degra-
dation. The precau-
tionary approach was 
incorporated into the 
Rio Declaration as 
Principle 15. 
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4.5 > The Clarion-Clipperton Zone (CCZ) in the Pacific 
has the world’s largest known deposits of deep-seabed 
polymetallic nodules, covering an area approximately the 
size of Europe. To date, the International Seabed Autho-
rity (ISA) has issued 12 exploration licences for the CCZ. 
Designation of the reserved areas and areas of particular 
environmental interest (APEIs) has already taken place. 
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the ISA therefore regards the founding or planning of a 
joint venture as premature. It is l ikely to be some years 
before relevant rules are in place. 
Mining and nature conservation –  
squaring the circle?
By far the largest known deposits of marine mineral 
resources in the world are in the Clarion-Clipperton 
Zone (CCZ) in the Pacif ic, where many bil l ions of tonnes 
of manganese nodules extend across an area the size of 
Europe. In order to protect and preserve habitats of a 
signif icant size in this vast area, the ISA adopted an 
environmental management plan for the CCZ at its 18th 
session in 2012. The plan ident if ies nine Areas of Part i-
cular Environmental Interest (APEIs) in the CCZ, where 
extract ion of marine minerals is prohibited. Each APEI 
consists of a quadri lateral core area of at least 200 km in 
length and width, surrounded by a buffer zone, 100 km 
wide, in order to ensure that benthic communit ies in 
the APEIs are not buried or adversely affected by mining 
plumes drif t ing in from areas where extract ion is under 
way. This means that there are, in total, nine 400 by 
400 km protected areas in the CCZ, each with a total 
area of 160,000 square ki lometres. Together, the nine 
APEIs thus cover almost 1.5 mill ion square ki lometres 
– around one-sixth of the CCZ and equivalent to an area 
twice the size of Turkey. At present, an environmental 
management plan and APEIs only exist for the CCZ; 
there are none for other l icence areas, such as those in 
the Indian Ocean, although according to experts similar 
arrangements are needed elsewhere as well. 
The environmental management plan goes even fur-
ther. Not only does it designate 9 APEIs; it a lso obliges 
contractors to designate areas that are representat ive of 
the full range of habitats and species assemblages before 
exploitat ion begins. These reference zones should be of 
suff icient size, have similar topography and biodiversity 
to the impact zone, and must not be mined. In pract ice, 
this means that the l icence areas will not be worked in 
their ent irety, but only in specif ic sect ions. The aim is 
to preserve natural habitats as a basis for the subse-
quent recolonizat ion of the mined area. The ISA is cur-
rent ly developing guidelines for such reference areas. 
However, cr it ics point out that there is current ly a lack 
of informat ion and data relat ing to habitats in the CCZ 
and a lack of standards for the surveying and assess-
ment of habitats as a viable basis for the select ion of 
reference zones. This would be vital in view of the over-
al l purpose of the zones, namely to preserve representa-
t ive habitats. They also st ress that special protect ion is 
needed for habitats with endemic biot ic communit ies. 
The demise of the commons 
Despite cr it icism that the ISA lacks the capacit ies need-
ed to implement comprehensive protect ion regimes in 
al l the internat ional waters, the ISA’s work is regarded 
as well-nigh exemplary, for it operates in accordance 
with the precaut ionary approach, one of the guiding 
principles established, inter al ia, in the Convent ion on 
Biological Diversity. Moreover, the ISA ensures the 
equitable dist r ibut ion of resources def ined as the com-
mon heritage of mankind. Scient ists thus view with 
concern the efforts being made by some states to 
extend their jurisdict ion beyond the l imits of their EEZs 
into the outer cont inental shelf. The exemptions in the 
UNCLOS provisions on the cont inental shelf, which are 
invoked by these countries, mean that they would then 
be able to claim exclusive r ights to the marine mineral 
deposits located in these outer areas. 
According to experts, these exemptions – which 
were originally to be invoked in except ional circum-
stances – are creat ing some bizarre scenarios. Russia, 
for example, is current ly claiming around 40 per cent of 
the internat ional Arct ic seabed as its cont inental shelf, 
arguing that the undersea mountains in the central 
Arct ic, such as the Gakkel Ridge, are a geological forma-
t ion originat ing in the Russian EEZ, and that in accor-
dance with this def init ion, Russia should be able to 
extend its area of jurisdict ion to 350 naut ical miles. 
UNCLOS also provides for the extension of the cont i-
nental shelf to 100 naut ical miles (nm) seawards from 
the 2500 metre isobath. This would enable Russia to 
extend its jurisdict ion even further, beyond the 350 
naut ical mile l imit . As the Russian authorit ies see it , the 
permissible combinat ion of these two methods should 
al low Russia to claim 40 per cent of the Arct ic seabed 
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More protec t ion regimes for the inte rnat iona l seabed a rea?
A fur ther point of cr it ic ism is that so far, the ISA has not ex-
tended protec ted status to any valuable seabed habitat s outside 
the l icence areas, despite the fac t that as the Author ity estab-
l ished and legit imized by UNCLOS, it is ideal ly placed to do so. At 
present, designat ing mar ine protec ted areas in the high seas is 
extremely complicated due to the plethora of organizat ions 
involved. What ’s more, some protec t ion regimes relate solely to 
specif ic mar ine fauna, par t icular ly f ish, in the water column, 
while others focus exclusively on the conservat ion of biot ic com-
munit ies on the seabed. 
The Internat ional Mar it ime Organizat ion ( IMO), for example, 
can designate Par t icular ly Sensit ive Sea Areas (PSSAs) in which 
shipping is restr ic ted or prohibited, e.g. to protec t impor tant 
f ishing grounds, whale breeding areas, or areas of archaeologica l 
s ignif icance. One example is the Great Barr ier Reef a long the 
coast of nor theast Austra l ia. The possibi l i ty of extending PSSA 
status to the Sargasso Sea in the western At lant ic is a lso under 
discussion in IMO circ les at present. The Sargasso Sea host s vast 
amounts of the macroalgae Sargassum, masses of which f loat on 
the sur face of the water and provide an impor tant habitat for 
many mar ine fauna. However, Par t icular ly Sensit ive Sea Area sta-
tus merely restr ic t s commercia l shipping by regulat ing transit 
through the area. 
In other regions, f ishing may be restr ic ted in mar ine protec ted 
areas (MPAs). Such areas have been proposed under the Conven-
t ion for the Protec t ion of the Mar ine Environment of the Nor th-
East At lant ic (OSPAR Convent ion), a regional mar ine protec t ion 
agreement which has been signed and rat if ied by a number of 
Western and Nor thern European countr ies. The f isher ies manage-
ment organizat ion responsible for the Nor theast At lant ic has 
taken account of the OSPAR Convent ion and has c losed most 
areas of the Nor theast At lant ic to bot tom trawling. 
These examples show just how complex a task it is to design-
ate protec ted areas, which, in any case, only protec t individual 
areas of the sea. Making mat ters worse, the regulat ions per ta in-
ing to protec ted areas are only binding on the few states which 
have s igned up to the relevant agreement. Other s tates can s im-
ply ignore the regulat ions. What is needed, therefore, is a gen-
era l obl igat ion to protec t habitat s in their ent irety from seabed 
to sur face. In prac t ice, however, no such arrangements exis t . 
In the areas covered by the OSPAR Convent ion in the Mid-
At lant ic Ridge, only bot tom trawling is current ly prohibited. To 
establ ish a comprehensive protec t ion regime, it would be helpful 
if the ISA were to recognise these MPAs and extend protec ted 
area s tatus to the seabed in these regions. This would protec t 
seamounts and banks not only from bot tom trawling but a lso 
from mining interest s in future. At present, however, the ISA can-
not recognise these areas because it s jur isdic t ion extends solely 
to seabed mining. In order to protec t va luable mar ine areas in 
internat ional waters, an implement ing agreement to UNCLOS for 
the conservat ion of mar ine biodiversity would have to be adopted 
f irs t of a l l . A United Nat ions working group has been prepar ing 
such an agreement for some years, but it is proving to be a s low 
process. 
This is a lmost inexcusable, for a comprehensive protec t ion 
regime for valuable mar ine areas has been demanded at the high-
est level for many years. Back in 1992, for example, the United 
Nat ions Conference on Environment and Development (UNCED) 
in Rio de Janeiro adopted the Convent ion on Biologica l Diversity 
(CBD), whose objec t ive is the conservat ion of biologica l diversity 
in both terrestr ia l and mar ine ecosystems throughout the wor ld. 
Recent decis ions adopted by the Conference of the Par t ies to the 
Convent ion on Biologica l Diversity (CBD) ca l l for the establ ish-
ment of mar ine protec ted areas in mar ine areas beyond the l imit s 
of nat ional jur isdic t ion, and for ecologica l ly or biologica l ly s igni-
f icant mar ine areas (EBSAs) in need of protec t ion to be ident i-
f ied. 
The United Nations Conference on Sustainable Development 
(Rio+20) in 2012 therefore urged the internat ional community to 
br ing the ongoing process to develop an implement ing agree-
ment to UNCLOS on the conservat ion of mar ine biodiversity to a 
swif t conclusion. At present, however, the instruments avai lable 
under UNCLOS and, indeed, to the ISA for the designat ion of 
mar ine protec ted areas are very l imited. The ISA cannot design-
ate any mar ine protec ted areas outside mar ine mining areas, nor 
can it recognize such areas. In view of the great pressure on 
seabed habitat s, i t is unacceptable that the preparat ion of the 
implement ing agreement is taking so long. 
The OSPAR Commission has observer s tatus in the Assembly of 
the Internat ional Seabed Author ity and is negot iat ing with this 
and other mar it ime organizat ions, such as the Internat ional Mar i-
t ime Organizat ion ( IMO) and the Internat ional Commission for 
the Conservat ion of At lant ic Tunas ( ICCAT), on the establ ish-
ment of comprehensive mar ine protec t ion regimes in the near 
future. A key prerequis ite, however, is the adopt ion of an imple-
ment ing agreement to UNCLOS on the conservat ion of mar ine 
biodiversity, in order to provide general protec t ion for biologica l 
divers ity in fragi le habitat s. 
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Go-it-a lone approaches ins tead of concer ted inte rnat iona l ac t ion
The United Nat ions Convent ion on the Law of the Sea (UNCLOS) 
regulates the use of the seas, which cover 71 per cent of the 
Ear th’s sur face. UNCLOS has been signed and rat if ied by 165 
states and the European Union, making it a power ful instrument 
of internat ional law. However, around 40 countr ies – for many 
dif ferent reasons – have not acceded to the Convent ion. None-
theless, these s tates are bound by many of it s provis ions which 
– as the codif icat ion of customary international law – are univer-
sa l ly appl icable, such as those per ta ining to the protec t ion of the 
mar ine environment. In addit ion, a fur ther norm appl icable under 
customary internat ional law ent it les s tates to c la im an EEZ even 
if they have not rat if ied UNCLOS. The most notable example of a 
s tate that has s igned but not rat if ied the Convent ion is the Uni-
ted States. Although the US President and Adminis trat ion have 
long suppor ted rat if icat ion, the US Senate has yet to give it s con-
sent. As mat ters s tand, however, the Senate is f inding it impossi-
ble to achieve a major ity posit ion in favour of rat if icat ion. 
In the US, UNCLOS has long been the subjec t of publ ic debate. 
Recent ly, a number of senior of f ic ia ls in the US Navy and Coast 
Guard ca l led publ ic ly for the US to accede to the Convent ion. 
They point out that without accession to the Convent ion, the 
US’s only opt ion, in order to asser t it s r ights, is to mainta in a 
mil itary presence on the high seas, but in view of the increasing 
c la ims from many other nat ions to the outer cont inental shelf, 
this is cer ta inly not enough. There is a fear that key mar ine areas 
with large resource deposit s, especia l ly in the Pacif ic region, wil l 
be c la imed by other countr ies and lost to the US. Fur thermore, 
the of f ic ia ls and, indeed, numerous pol it ic ians regard rat if icat ion 
as essent ia l in order to mainta in the US’s credibi l i ty in other 
mar it ime disputes and to ensure that the US can negot iate on 
equal terms. As the US can only enforce c la ims to cont inental 
shelf expansion via UNCLOS and the Commission on the Limit s of 
the Cont inental Shelf (CLCS), the US has no prospect of long-
term legal cer ta inty in mar it ime mat ters unless it rat if ies the 
Convent ion. Above a l l, i f other countr ies submit overambit ious 
c la ims to extend their jur isdic t ion beyond the EEZs – for example, 
in the Arc t ic – the US lacks the legal instruments that it needs to 
take ef fec t ive counterac t ion. 
The reac t ion from opponents of accession to UNCLOS came 
swif t ly and was predic tably f ierce. Numerous Republican pol it i-
c ians, for example, argued that a s ituat ion in which l icence fees 
have to be paid to developing countr ies would be unacceptable. 
In their view, this newfangled pr inciple of benef it shar ing is a 
bot tomless pit that poses a major threat to US companies. So 
when wil l the US rat ify the Convent ion? Only t ime wil l tel l . Other 
countr ies have not acceded to the Convent ion because they are 
involved in disputes over their mar it ime boundar ies. Iran, for 
example, is withholding rat if icat ion because of disputes over the 
del imitat ion of the EEZs in the Caspian Sea, where major oi l f ie lds 
are located. Peru, too, is unwil l ing to accede to the Convent ion 
due to s immer ing conf l ic t s with neighbour ing Chi le over the del i-
mitat ion of the EEZs. What ’s more, around 50 years ago – long 
before the creat ion of EEZs – Peru la id c la im to a mar it ime 
domain, extending for 200 naut ica l miles, as it s terr itor ia l sea 
and sovereign terr itory, and enshr ined this in it s const itut ion. If 
Peru were to accede to the Convent ion, it would be forced to 
downgrade this mar it ime area to the status of an EEZ and would 
merely enjoy usage r ights there in future. This would a lso require 
a const itut ional amendment, which is pol it ica l ly unat ta inable in 
Peru at present.
For many countr ies, nat ional interest s far outweigh common 
interest s. That a lso expla ins why the Arc t ic l i t tora l s tates fre-
quent ly resor t to symbolic gestures to defend their c la ims to the 
resources that l ie beneath the ice. Russia cour ted media at tent ion 
very ef fec t ively when on 1 August 2007, Russian researchers 
planted the nat ional f lag on the Arc t ic seabed at a depth of more 
than 4000 metres, under l ining Russia’s c la im to the terr itory 
beyond it s EEZ. Shor t ly before Chr is tmas in 2010, Canadian 
Immigrat ion Minis ter Jason Kenney symbolica l ly issued Santa 
Claus with a Canadian passpor t , on the grounds that the Nor th 
Pole is par t of Canadian terr itory, and reaf f irmed that “Mr Claus” 
was now ent it led to enter and exit Canada at wil l . This gesture, 
a lthough tongue-in-cheek, was intended to under l ine Canada’s 
c la ims to the Arc t ic and was repor ted by the media a l l over the 
wor ld. Although the compet ing c la ims to the Arc t ic seabed can 
hardly be descr ibed as a bit ter dispute, some countr ies are f lex-
ing their muscles, for there is much at s take : new seaways, as wel l 
a s access to oi l and gas f ie lds. Researchers have a lso found small 
deposit s of manganese nodules in the Arc t ic, a lthough 
these are not thought to be economical ly s ignif icant. Ult imately, 
it is the Commission on the Limit s of the Cont inental Shelf (CLCS) 
which must decide, based on geologica l data, whether the nat io-
nal terr itor ia l c la ims are just if ied or not. It is uncer ta in, at pre-
sent, which nat ions wil l be permit ted to extend their jur isdic t ion. 
However, both Canada and Russia recent ly commissioned new 
ice-capable naval vessels and awarded contrac t s for the construc-
t ion of new Arc t ic naval bases, not only as a means of safeguard-
ing their coasta l secur ity but a lso as a demonstrat ion of power. 
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Exclusive economic zone
Cont inenta l shelf extensions c la imed
and the marine mineral deposits located there. However, 
the Commission on the Limits of the Cont inental Shelf 
dismissed Russia’s applicat ion in 2009 and called for 
more detai led geological surveys. Since then, Russia has 
launched several expedit ions to collect geological data 
as evidence that the undersea r idges in internat ional 
Arct ic waters are submerged extensions of the geologi-
cal format ions found in its EEZ. In late 2013, Canada 
also announced that it was claiming an extension of its 
Arct ic cont inental shelf as far as the North Pole. In 
2014, Russia plans to resubmit its applicat ion with new 
data – coinciding, incidentally, with Denmark’s 
expected applicat ion to extend its cont inental shelf 
north of Greenland. Denmark, Canada and Russia are 
not isolated cases. Current ly, 78 countries are claiming 
a cont inental shelf expansion beyond their exist ing 
EEZs. The ISA has received seven applicat ions backed 
up by informat ion to just i fy expansion, and a further 46 
provisional submissions for which scient if ic informa-
t ion may be submitted at a later date. The Commission 
has not yet dealt with these latter submissions because 
– as in the case of Russia – there is st i l l a lack of detai led 
scient if ic data proving that the geological format ions in 
and outside the EEZ are connected. According to experts 
in the Law of the Sea, this t rend towards cont inental 
shelf expansion profoundly undermines the original 
concept of “the Area” as a form of commons, based on 
the principle that the seabed and its resources should be 
used for the benefit of al l nat ions equally. What’s more, 
in some regions, the 200 nm EEZs already occupy most 
of the sea area. In the Pacif ic, for example, the individu-
al island states l ie so far apart in some cases that despite 
their small land area, they can claim vast areas of the 
sea as their exclusive economic zones, which means 
that the internat ional community has no claim to many 
of the resources found there. The EEZs already occupy 
around one third of the total area of the sea, and the 
claims for cont inental shelf expansion submitted to the 
Commission would increase this by a further 8 per cent. 
An end to this t rend is not yet in sight. Some sub-
missions have already been approved by the Commis-
sion, such as those lodged by the United Kingdom and 
Ireland to extend their cont inental shelves farther out 
into the At lant ic. The United Kingdom has a part icular 
interest in producing oi l here and is seeking partners to 
engage in oi l product ion in this new terr itory. 
4.6 > With the 
expansion of the 
coastal states‘ 
exclusive economic 
zones (green) into  
the outer continental 
shelf (orange), the 
international waters 
and seabed area are 
reduced, representing  
a loss to the interna-
tional community. 
Antarctica, however, 
has special status. 
Some states are 
claiming an EEZ here, 
as shown on the 
diagram, but these 
territorial claims are 
not recognised under 
international law.
Commons
The term „commons“ 
is used to denote land 
that is used collec-
tively by members of 
a community; examp-
les are fields, grazing 
areas and woodland 
pastures. Economists 
and social scientists 
also use the term in 
non-agricultural con-
texts, applying it, for 
example, to fisheries 
in international 
waters. The “tragedy 
of the commons” is a 
phrase that is fre-
quently heard, the 
tragedy being that 
these shared resour-
ces, being available to 
everyone, are quickly 
depleted and destroy-
ed by individuals 
acting according to 
their self-interest. 
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Each country must play i ts  part
The explorat ion and exploitat ion of certain marine 
minerals on the deep ocean f loor are governed by 
detai led regulat ions adopted by the Internat ional 
Seabed Authority (ISA). They also cover aspects of envi-
ronmental protect ion. The exploitat ion of marine mine-
rals in the internat ional seabed area in future will thus 
be regulated by a uniform set of rules that are applicable 
worldwide. However, no such regime exists for the coas- 
tal states’ exclusive economic zones (EEZs) and cont i-
nental shelves. Although the United Nat ions Conven-
t ion on the Law of the Sea (UNCLOS) obliges every state 
party to protect and preserve the marine environment, 
it is a matter for each individual state to adopt its own 
detai led legislat ion on the use of its exclusive economic 
zone (EEZ), on marine mining on the cont inental shelf, 
and on the protect ion of the marine environment. 
However, as the ongoing pollut ion of coastal waters and 
disasters such as the Deepwater Horizon oil r ig explo-
sion show, this does not guarantee that the marine en-
vironment will indeed be protected. And yet states have 
a part icular responsibil ity, because the coastal waters 
within the EEZs are the world’s most intensively ut i-
l ized marine areas, providing food and income for very 
large numbers of people. Over t ime, the pressure on the 
EEZs has increased. At one t ime, the coastal waters 
mainly supplied f ish. During the last century, the tour-
ism industry expanded and later, industr ial sites were 
established along the coasts and oil and gas dri l l ing r igs 
were instal led on the cont inental shelf. Eff luents from 
factories and intensive farming are st i l l pollut ing coas-
tal areas, and over the next f ive years, marine mining is 
l ikely to have a considerable impact as well, part icularly 
the extract ion of massive sulphides, which are mainly 
found on the cont inental shelf. 
Marine mining – control led by governments
 
Given the very important role played by the marine 
environment and the range of pollutants to which it is 
exposed, states should be t reat ing the marine areas 
under their jurisdict ion with part icular care. Indeed, 
UNCLOS contains comprehensive provisions to that 
ef fect . However, they are framed in very general terms, 
and countries have considerable leeway to decide how 
to t ranspose these provisions into nat ional law. In some 
cases, nat ional legislat ion does not adequately protect 
the sea from overexploitat ion and pollut ion. What’s 
more, not every country safeguards compliance with 
environmental legislat ion or regularly monitors its 
industr ial enterprises. Although relevant legislat ion is 
in place, environmental pollut ion and degradat ion st i l l 
rout inely occur in many countries. For experts, there-
fore, the worry is that some countries could well adopt 
a similarly lax approach to marine mining on their con-
t inental shelves. They could even att ract potent ial 
The coasta l  s t ates’  responsibi l i t y
   > Large oi l  and gas f ields and extensive deposits of massive sulphides are 
found in various countr ies’  coastal  waters.  I f  a state wishes to extract  the marine resources located in 
the area under i ts  jur isdict ion,  i t  must do so within the legal  l imits establ ished by the United Nations 
Convention on the Law of the Sea (UNCLOS),  but i ts  own mining and environmental  legislat ion also 
have a crucial  role to play.  However,  these laws do not always provide an adequate level  of  protec-
t ion,  as the impacts of the Deepwater Horizon  oi l  r ig explosion have shown.  
4.7 > A boy plays in a 
carpet of algae at the 
seaside in Qingdao in 
China. Excessive use of 
fertilizers is one of the 
causes of algal blooms. 
Coastal waters are 
being polluted else-
where as well, despite 
international marine 
protection agreements.  
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investors by offering them the chance to carry out min-
ing operat ions with no obligat ion to achieve str ingent 
and cost ly compliance with environmental regulat ions, 
and without having to worry about checks or inspec-
t ions. 
Toothless legislat ion
A recent comparat ive analysis of the mining industry in 
the G20 states reveals the dif f icult ies arising in the 
implementat ion of exist ing environmental legislat ion in 
some countries. The f indings for the Lat in American 
G20 countries Argent ina, Brazil and Mexico are par-
t icularly interest ing. Although the study relates to on-
shore mining, it ident if ies specif ic problems which are 
l ikely to af fect marine mining in future as well. In al l 3 
countries, detai led regulat ions and standards for envi-
ronmental protect ion are in place, but a number of cen-
t ral challenges stand in the way of robust compliance: 
•	 Government	 agencies	 tasked	 with	 overseeing	 the	
mining industry are poorly equipped with person-
nel, and there is also a shortage of skil led labour in 
some cases, as well as problems accessing funding. 
As a result , very few site visits or inspect ions of 
mines take place. Instead, assessments are general-
ly confined to desk reviews of applicat ions and doc-
umentat ion. 
•	 Government	 agencies	 tasked	 with	 overseeing	 the	
mining industry are too close, either spat ial ly or 
administrat ively, to polit ical decision-makers. In 
some cases, assessors’ off ices are located in regional 
government buildings, enabling polit icians to exert 
inf luence over their act ivit ies. 
•	 Even	 if	 the	 regulatory	 agencies	 are	 able	 to	 work	
independent ly, concerns are often ignored. Crit ical 
f indings are not taken seriously or are disregarded 
by decision-making bodies, such as mining authori-
t ies. 
•	 There	are	very	few	quality	standards	or	cert i f icat ion	
schemes for consultancies that prepare environmen-
tal impact assessments, making it very easy for 
industr ial enterprises to commission biased reports 
that gloss over the negat ive impacts of mining. 
Crit ics point out that the environmental degradat ion 
that could potent ial ly occur in marine mining could 
4.8 > In July 2010, a 
waste tank at a copper 
mine in the coastal 
province of Fujian in 
China burst open,  
spilling toxic slurry 
into a river and killing 
1900 tonnes of fish. 
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well go undetected or be covered up. In onshore mining, 
open conf l icts have often occurred in the past between 
local communit ies and industr ial enterprises or govern-
ment agencies, turning the spot l ight on environmental 
degradat ion. Marine mining, on the other hand, takes 
place at great depth and is hidden from sight.
Following a good example?
Not everyone shares these concerns. In the view of 
some experts who specialize in the Law of the Sea, the 
ISA Regulat ions have established universally applicable 
standards of best pract ice for marine mining. Although 
these do not const itute binding regulat ions that must 
be incorporated into nat ional legislat ion on deep-sea 
mining on the cont inental shelf, the ISA instruments 
serve, nonetheless, as a model to which coastal states 
must, at the very least , aspire. What’s more, i f it t rans-
pires that a state is causing massive environmental 
damage on its cont inental shelf, it may face prosecut ion 
in an internat ional court such as the Internat ional 
Tribunal for the Law of the Sea (ITLOS); for example, 
legal proceedings may be init iated by neighbouring 
countries whose waters have been polluted.
Both cobalt-r ich crusts and massive sulphides are 
mainly found on the cont inental shelves of island states 
that have no mining industry of their own. It is very 
l ikely that future mining operat ions here will be under-
taken by internat ional extract ion industry companies 
on a contractual basis. It is not in these companies’ 
interests to destroy the marine environment on the 
state’s cont inental shelf, for i f a company that causes 
such degradat ion were to apply for a l icence to extract 
resources in the internat ional seabed area in future, the 
ISA would be just i f ied in refusing the applicat ion due to 
a lack of confidence in the company concerned – result-
ing in its loss of access to prof itable seabed areas.
A further relevant factor, in the view of some 
experts in the Law of the Sea, is that when select ing 
mining areas, mining mult inat ionals wil l not necessar-
i ly give preference to unreliable states with lax legisla-
t ion, for experience has shown that cooperat ion with 
these countries can be extremely problemat ical for the 
companies concerned. Negot iated contracts are not 
always complied with, and in polit ical ly unstable 
regions, there is also a r isk of polit ical upheavals, pos-
sibly result ing in the cancellat ion of the contracts by 
the new governments and leaders and hence the loss of 
4.9 > A tanker’s 
useful life ends – and 
an oil disaster begins. 
In November 2002, 
the Prestige sank off 
the northwest coast of 
Spain, spilling around 
60,000 tonnes of  
oil into the sea and 
polluting almost  
3000 kilometres of 
French and Spanish 
coastline. 
135Clean product ion and equitable distr ibut ion < 
the company’s investment. A very much higher level of 
legal stabil ity is af forded by marine mining in interna-
t ional waters (“the Area”), which is properly regulated 
under ISA licences, with reliable contract periods and 
f irm agreements. 
Can oi l  disasters be prevented in future?
Marine mining is st i l l a vision for the future. Offshore 
oi l product ion, on the other hand, is a long-established 
industry which generates bi l l ions in prof its every year. 
Unlike marine mining, however, the oi l industry’s envi-
ronmental and safety standards were not established 
before extract ion commenced, but have been developed 
over t ime – generally in response to accidents or larger 
oi l pollut ion incidents. In compliance with UNCLOS, 
most countries now have environmental legislat ion and 
regulat ions for offshore oi l product ion, but accidents 
and spil ls st i l l occur. There is a concern that the number 
of major oi l spi l ls wil l increase in future as a result of 
the t rend towards dri l l ing at ever greater depths, and 
that these incidents will be almost impossible to con-
t rol, as was the case with Deepwater Horizon, for exam-
ple.
Much thought has therefore been given to ways of 
improving the situat ion. Two key issues arise here: f irst-
ly, how incidents can be avoided and the environment 
can be protected, and secondly, who is l iable in the 
event of a disaster. Experts propose the fol lowing solu-
t ions: 
•	 better	safety	standards	and	more	str ingent	controls	
for the operat ion of dri l l ing and product ion r igs; 
•	 clearly	 def ined	 l iabil ity	 in	 the	 event	 of	 an	 incident	
occurring;
•	 creat ion	of	funds	to	pay	for	clean-up	operat ions	af ter	
major spil ls and to provide compensat ion swift ly 
and with minimal red tape to injured part ies.
The issue of l iabil ity, in part icular, is current ly the sub-
ject of intense debate. When an incident occurs, public 
attent ion generally focuses on the faci l ity operators, on 
the grounds that they have fai led to comply with nat io-
nal safety and environmental standards. The ensuing 
legal disputes often drag on for years, great ly delaying 
the payment of compensat ion to injured part ies. 
However, the states with jurisdict ion over the area in 
which the instal lat ions are located also bear responsi-
bi l ity.
The situat ion becomes more complicated i f neigh-
bouring countries’ waters are polluted as well. One 
example is the f ire at the Montara wellhead plat form in 
the Timor Sea, off the northern coast of Western Aus-
t ral ia, in 2009. This incident was very similar to the 
Deepwater Horizon disaster. The blowout released 
between 5000 and 10,000 tonnes of oi l, contaminat ing 
Indonesian f ishing grounds. The Montara plat form was 
located in the Australian EEZ, but Australia refused to 
pay compensat ion. The quest ion, then, is how state l ia-
bi l ity and payment of compensat ion can be regulated 
more effect ively in future. 
Guaranteed compensation after  tanker incidents
The situat ion would be much simpler i f a uniform set of 
rules on l iabil ity were adopted and recognised at inter-
nat ional level, a lso governing the payment of compensa-
t ion to injured part ies. This type of internat ional l iabil i-
ty regime, which would be binding on al l states, makes 
sense not only for the oi l industry but for al l other ult ra-
hazardous act ivit ies in the EEZs or on the cont inental 
4.10 > The operation 
of nuclear power 
plants, such as  
the one seen here  
at Onagawa,  
80 kilometres north of 
Fukushima on the  
east coast of Japan, is 
classed by jurists as 
an “ultrahazardous 
activity” because 
accidents at industrial 
plants of this type can 
have extremely 
serious and far-reach-
ing consequences. 
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The very poor regulat ion and control of the oi l industry in some coun-
tr ies nowadays are exemplif ied by the s ituat ion on the At lant ic coast 
between Angola and Côte d’Ivoire in Afr ica. There are major oi l f ie lds 
here, mainly in Angola and Niger ia. However, both these countr ies 
have fa i led to ut i l ize the oi l revenue in a manner which creates pros-
per ity for a l l . 
The s ituat ion in Niger ia is catastrophic : here, oi l product ion in the 
Niger Delta has fuel led ongoing armed conf l ic t s and has pol luted wet-
lands, mangrove forest s and the habitat s on which thousands of peo-
ple depend. One reason for this disastrous s ituat ion is that the Nige-
r ian government does not share the benef it s accruing from the oi l 
industry equitably. It negot iates cooperat ion agreements with oi l mul-
t inat ionals and issues product ion l icences, receiving many bi l l ions of 
dol lars in revenue from these arrangements every year. But a lthough a 
formula for the dis tr ibut ion of revenues between the federa l budget, 
the governments of the individual s tates and the local author it ies 
exis t s, very l i t t le money f lows back to the oi l-producing regions. 
According to exper t s, this is due to a high level of corrupt ion in the 
upper echelons of government. What ’s more, under the 1978 Land Use 
Act, land where oi l is found fa l ls under the direc t control of the s tate, 
and in most cases, no compensat ion is paid to communit ies or pr ivate 
owners. Among other things, this injust ice result s in pipel ines being 
i l legal ly tapped and large quant it ies of oi l being bunkered and sold 
abroad, especia l ly in neighbour ing Benin, Côte d’Ivoire and Senegal. 
The tapping of pipel ines is a lso pol lut ing large areas of the Niger Delta. 
According to exper t s, the annual revenue from this i l legal oi l industry 
is an est imated one bi l l ion US dol lars a year. 
At present, var ious rebel groups are f ight ing for control of the i l le-
gal oi l industry. The s ituat ion is a lso dif f icult because even before the 
oi l boom began in Niger ia in the 1970s, conf l ic t s had erupted between 
var ious ethnic groups, even escalat ing into c ivi l war. These conf l ic t s 
were fuel led by pol it ic ians who channel led the prof it s from oi l to those 
groups which served their par t icular pol it ica l interest s. In some cases, 
pol it ic ians suppl ied the rebel groups with arms, worsening the con-
f l ic t s. 
Niger ia’s oi l wealth has led to an oi l war. Although the mult inat io-
nals are not direc t ly involved in the host i l i t ies, oi l product ion in such 
pol it ica l ly unstable regions ra ises a l l manner of quest ions. Even the 
mult inat ionals’ socia l engagement has of ten led to new conf l ic t s in 
Niger ia. To the mult inat ionals’ credit , they have at tempted, of their 
own vol it ion, to improve l iv ing condit ions for local communit ies in the 
oi l-producing regions through f inancia l suppor t and socia l engage-
ment. But even here, conf l ic t s have frequent ly ar isen between commu-
nit ies receiving suppor t and their neighbours who went away empty-
handed. The oi l companies bear a share of the responsibi l i ty for what 
is happening in the oi l-producing countr ies, as became apparent in 
2013, when the Anglo-Dutch company Shel l faced legal ac t ion in a 
cour t in The Hague for the environmental damage caused in the Niger 
Delta. Between 2004 and 2007, there had been severa l at tacks on 
pipel ines in the Niger Delta, spi l l ing large quant it ies of oi l and pol lut-
ing vi l lages, farmland and f ish ponds. Farmers, f isher folk and a Dutch 
environmental organizat ion therefore took Shel l to cour t . The cour t 
dealt with a tota l of f ive charges, with Shel l being accused of having 
fa i led to provide adequate secur ity for it s pipel ines. The cour t found 
Shel l ’s Niger ian subsidiary to be l iable on one count : Shel l had neg-
lec ted it s duty of care and had shown par t icular negl igence. In 2006 
and 2007, this has enabled sabotage to be commit ted in a very s imple 
way by opening the valves on an oi l wel l with an adjustable spanner. 
On the four other counts, however, the cour t ruled that because the 
pipel ines were la id underground and were adequately secured, Shel l 
was not l iable. 
There have been many other incidents s imilar to those dealt with 
in these legal proceedings. According to an independent assessment of 
the environmental impacts of oi l contaminat ion in the Niger Delta, 
commissioned by the United Nat ions Environment Programme (UNEP), 
there is massive environmental damage in the Niger Delta. The projec t 
team surveyed pipel ines, oi l wel ls and oi l spi l l s ites, and their repor t 
concludes that pol lut ion is extensive. There is a par t icular ly ser ious 
problem with toxic hydrocarbon pol lut ion of soi l and water. In 49 
cases, hydrocarbons were found in soi l down to depths of 5 metres, 
and in 41 cases, the hydrocarbon pol lut ion had reached the ground-
water. Fur thermore, f ishing has decl ined sharply in the region as f ish 
s tocks have decreased, presumably because of the pol lut ion.
In Niger ia, around 15 per cent of oi l is produced of fshore in coasta l 
waters, rather than onshore, and this is increasing. Although of fshore 
oi l product ion is more expensive, it is considered to be more secure, as 
the dr i l l ing r igs are less accessible to rebels and are therefore relat ively 
wel l protec ted against at tack. But even here, at tacks have occurred. In 
2008, rebels from one of Niger ia’s largest mil itant groups, the Move-
ment for the Emancipat ion of the Niger Delta (MEND), at tacked an 
of fshore oi l r ig 120 km of f the coast in a demonstrat ion of seaborne 
power. Nonetheless, the expansion of the of fshore oi l industry, accor-
ding to socia l sc ient is t s in Niger ia, could help to mit igate the problems 
facing the region and reduce the potent ia l for conf l ic t , for unl ike on-
shore oi l product ion, communit ies are not direc t ly impacted by the of f-
shore industry, and pol lut ion of soi ls and dr inking water is avoided. 
Unl ike the s ituat ion in Niger ia, a l l Angola’s oi l product ion takes 
place of fshore, and the set of problems af fec t ing the sec tor is dif fe-
rent. But in Angola too, very few people share in the benef it s of the 
country’s oi l wealth, and the gap between r ich and poor is very wide. 
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The main oi l-producing region is found in the coasta l waters of f the 
Angolan province of Cabinda, an exclave of Angola located in neigh-
bour ing Congo. And yet Cabinda is one of the country’s poorest re-
gions, and apar t from a few coasta l roads, it has very l i t t le infrastruc-
ture. The Angolan capita l Luanda, on the other hand, is the most 
expensive c ity in the wor ld. In no other c ity are rents and l iv ing cost s 
as high as they are here. Angola is now the largest oi l-producing coun-
try in sub-Saharan Afr ica. Contrac t s are negot iated between the state-
owned oi l company Sonangol and mult inat ionals. These product ion 
agreements contain formulae for the shar ing of prof it s from oi l pro-
duct ion between the host country and the mult inat ionals. However, 
the ac tual amount of prof it s is general ly unclear, as the data publ ished 
are invar iably incomplete, incomprehensible or inconsis tent. As is evi-
dent from the extreme contrast between r ich and poor, the prof it s 
from Angola’s oi l industry benef it only the el ite. 
Although exper t s applaud Angola for introducing str ingent ant i-
corrupt ion legis lat ion and for taking ac t ion publ ic ly to combat corrup-
t ion, it is safe to assume that some of the oi l revenue is being misap-
propr iated at the top echelons of government. This is par t ly because 
Sonangol is not control led or regulated by independent author it ies. 
Angolan and internat ional non-governmental organizat ions are there-
fore ca l l ing for more transparency and publ ic debate in order to achie-
ve more equitable dis tr ibut ion of prof it s and shar ing of benef it s.
Environmental pol lut ion on a sca le comparable with Niger ia has 
not occurred in Angola. However, in 1991, an explosion occurred on 
board the oi l tanker ABT Summer of f the Angolan coast , spi l l ing it s 
cargo of around 250,000 tonnes of oi l and pol lut ing the coast l ine. For-
tunately, no major oi l spi l ls have occurred s ince then. Nonetheless, 
Angolan non-governmental organizat ions are cr it ica l of the ongoing 
pol lut ion of coasta l waters by oi l discharged in ef f luent from the r igs, 
and est imate that more than 10 smaller oi l spi l ls occur every year. 
A content ious issue is whether the decl ine of f ish s tocks of f the 
coast is due to these oi l spi l ls , or whether over f ishing has played a 
greater role. 
4.11 > In the Niger Delta, oil stolen from pipelines is processed in illegal refineries such as this one by the Imo River, causing additional water pollution. 
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shelves as well. The term “ult rahazardous act ivity” is 
used by jurists to denote act ivit ies which, although not 
prohibited, can cause accidents that involve a substan-
t ial r isk of harm, part icularly t ransboundary pollut ion. 
Examples are the operat ion of nuclear power plants, 
chemical works and, in this case, oi l dri l l ing r igs. It is 
uncertain whether states will agree to adopt common 
rules. 
Such an approach is ent irely feasible, however. The 
Internat ional Convent ion on Civil Liabil ity for Oil Pollu-
t ion Damage was adopted for tanker operat ions back in 
1969 and was updated in 1992. With this Convent ion, 
there is now a binding legal regime at internat ional lev-
el for dealing with civi l claims for compensat ion for oi l 
pollut ion damage involving oi l-carrying ships. Its main 
purpose is to ensure that compensat ion is paid swift ly 
and without excessive red tape to injured part ies fol low-
ing tanker incidents. Legal proceedings are inst ituted 
before the courts of the state where the incident took 
place. The Convent ion, which has been rat i f ied by 109 
countries, establishes a robust internat ional l iabil ity 
regime based on the applicat ion of uniform rules. Often, 
internat ional civi l law proceedings become very pro-
t racted because there are major dif ferences between 
countries’ legal systems. For example, there may be dif-
ferent legal language, procedures and t ime l imits, such 
as periods of l imitat ion. What’s more, a legal dispute 
may drag on because conf l ict ing evidence is submitted 
in expert opinions and second opinions, with the result 
that injured part ies receive no compensat ion at al l. 
Often, legal disputes centre on the quest ion of fault: 
in other words, who is responsible for the damage. 
Another content ious issue, very often, is whether an 
incident could have been averted had part ies acted dif-
ferent ly. Thanks to the Convent ion, this is no longer rel-
evant in relat ion to tanker incidents, for the Convent ion 
places l iabil ity for such damage on the owner of the ship 
from which the pollut ing oi l escaped or was discharged. 
This l iabil ity, in general, is st r ict: in other words, it 
applies whether or not the owner is at fault or could 
have averted the damage. There are only a few specif ic 
except ions, such as civi l war or a natural disaster of an 
except ional character, in which no l iabil ity for pollut ion 
damage attaches to the owner.
Compensation payments from one large fund
Because the owner of the ship from which pollut ing oi l 
escaped or was discharged bears st r ict l iabil ity, the Con-
vent ion establishes a system of compulsory l iabil ity 
insurance for owners. Under the Convent ion, the costs 
of damage are init ial ly met by the shipowner’s insurer. 
If the costs of damage exceed the amount provided 
under this insurance, a compensat ion fund comes into 
operat ion and, in a mult i-stage process, meets further 
costs up to an amount of approximately 1 billion US dol-
lars. This International Oil Pollut ion Compensation Fund 
(IOPC) was established under the Internat ional Conven-
t ion on Civil Liabil ity for Oil Pollut ion Damage. The 
Fund guarantees that injured part ies actually receive 
compensat ion. It covers the costs of clean-up operat ions 
af ter tanker incidents and makes compensat ion pay-
ments to injured part ies such as f ishermen and the tou-
r ism industry. The oi l-import ing nat ions pay contribu-
t ions into the Fund, which they then claim back from 
their nat ional oi l-processing industry. The rate of the 
contribut ions to be paid is based on the volume of oi l 
imported. 
The appealing aspect of the Fund is that payments 
are made immediately af ter an incident, irrespect ive of 
the quest ion of fault – in other words, regardless of 
whether the incident was caused by human error on the 
part of the tanker captain or by the shipowner’s fai lure 
to properly maintain the vessel. This is cr it ical, espe-
cial ly in situat ions when insurance payments are 
delayed as a result of legal disputes. The injured part ies 
receive compensat ion from the Fund swift ly and with-
out excessive red tape. 
In some cases in the past , the Fund has negot iated 
direct ly with injured part ies, thus avoiding lengthy 
delays in payment of compensat ion and removing the 
need for the part ies concerned to pursue the matter 
through the courts. Once the Fund has compensated the 
vict ims, it can reclaim the money from the shipowner or 
his insurer. The Convent ion and the Fund form a two-
pronged instrument that is both unique and unbeatable: 
the Convent ion creates legal certainty, and the Fund 
ensures that compensat ion is disbursed after every 
single incident in which damage occurs. 
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4.12 > The oil slick from the Hebei Spirit tanker, 
which was holed off South Korea in December 
2007, polluted many kilometres of coastline. The 
authorities mobilized 12,000 clean-up workers, 
who attempted to remove the oil, sometimes using 
very basic equipment such as buckets and shovels. 
The costs of this type of clean-up operation are 
immense. 
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No fund for dri l l ing r igs
The Convent ion and the IOPC Fund were developed in 
conjunct ion with the Internat ional Marit ime Organiza-
t ion (IMO) and apply solely to vessels, not to f ixed 
instal lat ions such as dri l l ing r igs or anchored semi-sub-
mersible plat forms. Although a similar model is conceiv- 
able in principle for these instal lat ions as well, there 
appears to be l it t le interest on the part of the oi l indus-
t ry. At present, oi l companies are covered by insurance, 
but this is merely general l iabil ity insurance up to an 
amount of 1.5 bi l l ion US dollars. Some dri l l ing projects 
are uninsurable. But as the explosion at the Deepwater 
Horizon r ig showed, this kind of general l iabil ity insu-
rance does not come close to covering the costs of dam-
age caused by a major oi l spi l l. Nonetheless, the oi l com-
panies rejected an insurance scheme developed by 
reinsurers over a period of several years, which would 
have covered individual dri l l ing projects and provided a 
10 to 20 bil l ion US dollar payout for environmental dam-
age and fol low-up costs. Experts believe that there is a 
very simple reason why the oi l companies rejected the 
scheme: the oi l companies are so wealthy that they 
regard this level of insurance cover as irrelevant. The 
interest in a l iabil ity convent ion and fund modelled on 
those in place for tanker incidents is correspondingly 
low. This is regrettable, for such a scheme would make 
legal disputes or proceedings af ter oi l r ig disasters a 
much less common occurrence in future. 
Str ict  l iabi l i ty
Experts in the Law of the Sea regard a st r ict form of civi l 
l iabil ity, such as that which now applies to tanker ope-
rat ions, as ideal. However, the adopt ion of convent ions 
governing l iabil ity for other types of ult rahazardous 
act ivity, thereby establishing a uniform civi l l iabil ity 
regime at the internat ional level, is l ikely to be some 
years away. A t ransit ional solut ion could be to introduce 
new regulat ions on state l iabil ity, meaning that it is the 
state, in every case, which covers damage caused by 
ult rahazardous act ivit ies, rather than a private compa-
ny. At present, a state is only l iable i f it breaks the 
rules – for example, because its legislat ion or regula-
t ions are inadequate or because it has fai led to fulf i l its 
supervisory obligat ions in respect of chemical plants or 
dri l l ing r igs. In order to avoid protracted legal disputes 
over issues of l iabil ity, a system that jurists term “str ict 
state l iabil ity regardless of fault” may be a viable solu-
t ion for ult rahazardous act ivit ies. This means that the 
state is always l iable, regardless of whether or not the 
operator of the instal lat ion is at fault . Similar situat ions 
are familiar in every-day l i fe. If a dog bites a child, the 
dog owner is l iable in every case, whether or not he has 
t rained his dog properly and sent it to dog t raining class-
es – in other words, whether or not he is at fault . He is 
“l iable regardless of fault”. There are good arguments for 
introducing this form of l iabil ity for the operat ion of 
dri l l ing r igs as well, for it is, af ter al l, the state which 
authorizes the performance of this “ult rahazardous 
act ivity”. Furthermore, in many cases, states issue 
l icences to companies, of ten charging very substant ial 
l icence fees, and thus have a stake in the company’s 
prof its. If this form of state l iabil ity were introduced, 
protracted lawsuits and disputes, such as those which 
arose between Australia and Indonesia in the case of 
the Montara plat form, could be avoided. At present, the 
concept of state l iabil ity is only enshrined in interna-
t ional law for large-scale t ransboundary pollut ion: here, 
internat ional law establishes l iabil ity for culpable 
behaviour that violates the rules. The principle is 
enshrined at the highest level of internat ional law and 
customary international law. It was f irst recognised 
in internat ional jurisprudence more than 70 years ago 
as a result of the Trai l Smelter case – the f irst major 
t ransboundary pollut ion incident – in the 1920s. Smoke 
from the Trai l Smelter in Canada, which processed lead 
and zinc, had contaminated Canadian farmers’ f ields in 
the surrounding area and caused damage to crops. The 
Canadian operator responded by building tal l chimneys, 
so that the toxic smoke would be t ransported away from 
the f ields. As a consequence, the pollut ion reached Ca- 
nada’s neighbour, the USA, and destroyed US farmers’ 
crops. Compensat ion was paid out to the Canadian farm-
ers very quickly, but lawyers act ing for the US farmers 
and the Canadian company fai led to reach an agreement 
on compensat ion. The case was therefore referred to the 
Internat ional Joint Commission (IJC), an independent 
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binat ional organizat ion established in 1909 to negot iate 
agreements on boundary waters between the USA and 
Canada. The arbit rat ion process became extremely pro-
t racted because the part ies disputed to what extent the 
damage to crops was in fact caused by smoke. A f inal 
decision was not reached unt i l 1941. The company made 
a relat ively small payout to the US farmers. 
Space law for earthly problems?
“Str ict state l iabil ity regardless of fault” is not yet a real-
ity. What’s more, because states enjoy immunity, a cit i-
zen or af fected country cannot pursue, let alone enforce, 
legit imate claims through courts. In fact , internat ional 
law and internat ional customary law leave unanswered 
the quest ion of how just ice is to be done when damage 
occurs, and it is unclear which inst itut ion should dis-
pense just ice or f ix penalt ies in such cases. The ques-
t ion, then, is whether, and how, a state can bring legal 
act ion against another state or force it to pay compensa-
t ion. Due to the lack of clear rules, states generally 
reach agreement via diplomat ic channels, of ten behind 
closed doors, which means that the injured part ies can-
not inf luence the process. After the Deepwater Horizon 
disaster, Mexico received compensat ion for the f inan-
cial losses caused by the oi l pollut ion, but this was 
achieved as a result of diplomat ic negot iat ions with US 
authorit ies. There is st i l l only one instance of “str ict 
state l iabil ity regardless of fault” being enforceable at 
the internat ional level, namely in space law. Under the 
Convent ion on Internat ional Liabil ity for Damage 
Caused by Space Objects, adopted in 1972, another state 
may, in respect of damage sustained in its terr itory due 
to the crashdown of a space object , present a claim to 
the launching state. As a general principle, the state 
from whose terr itory a space object is launched is l iable.
For al l other cases of t ransboundary pollut ion or 
damage, the situat ion cont inues to be problemat ical. 
Without a uniform internat ional regime on civi l l iabil ity 
for part icularly high-r isk act ivit ies in deep-sea mining 
or offshore oi l product ion, there are current ly only two 
opt ions for obtaining just ice or compensat ion: either to 
bring an act ion before the courts of a foreign state, or to 
reach an amicable agreement on compensat ion between 
the home state and the pollut ing state. In the majority of 
cases, however, both opt ions are l ikely to involve a 
tough batt le for just ice. 
Prevention – the best strategy
A clear l iabil ity regime and rules on compensat ion are 
important in order to make good any damage that 
4.13 > The Trail 
Smelter in the 
Canadian province of 
British Columbia 
became famous for a 
legal dispute between 
Canada and the USA. 
It took years for US 
farmers to receive 
compensation for 
damage to crops and 
soil contamination. 
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occurs. Far more important, however, is to prevent envi-
ronmental pollut ion in the f irst place. To that end, st r in-
gent technical safety standards occurs. Far more impor-
tant, however, is to prevent environmental pollut ion in 
the f irst place. To that end, st r ingent technical safety 
standards are required. Here, the regulat ions applicable 
to oi l-carrying ships serve as a good example. The re-
quirement for tankers to be f it ted with a double hull 
ensures that unlike the situat ion in the 1960s and 
1970s, damaged tankers do not immediately start to 
spil l oi l. This has done much to avoid major incidents 
and pollut ion. Polit ical benchmarks have also been set , 
with the adopt ion of agreements that declare certain 
areas of the sea completely off-l imits to tanker t raf f ic. 
There are several reasons why such high standards 
have been set in this part icular industry. First ly, tanker 
incidents have a signif icant media impact. The public 
pressure on policy-makers increased considerably from 
one oi l disaster to the next. Furthermore, the principle 
of cause and effect is very straight forward in the case of 
an oi l spi l l. If a captain runs his vessel aground, the cir-
cumstances which led to the grounding can generally 
be determined very quickly. On an oi l r ig, on the other 
hand, there are many people working simultaneously 
al l over the instal lat ion, which means that clar i fying 
the causes of an explosion is more dif f icult . There are 
many act ivit ies that are cr it ical to security in the opera-
t ion of a r ig, and these can be analysed and improved. 
This in turn is an argument in favour of a l iabil ity 
regime similar to that which exists for tanker incidents. 
A l iabil ity convent ion would create an obligat ion for r ig 
operators and oil producers to contribute to a fund. As 
with the IOPC Fund, injured part ies would then receive 
compensat ion swift ly, before the complex quest ion of 
fault and the cause of the incident have been clari f ied. 
The adopt ion of a relevant convent ion and creat ion of a 
fund would also be a major step towards a new culture 
of safety in offshore operat ions, which is now well- 
established in the tanker industry. 
Reducing consumption
 
Unfortunately, some environmental damage from indus-
t r ial operat ions will a lways occur. The key task, there-
fore, is to reduce this damage to an absolute minimum. 
As long as people need resources, the extract ive indus-
t r ies wil l have an adverse effect on habitats. The most 
important quest ion, then, is how consumption of these 
resources can be reduced. One way forward is to devel-
op recycling technologies and set up supply chains for 
reusable materials. Even in the established recycling 
industr ies, there is st i l l room for improvement: one 
example is aluminium, with only around one third cur-
rent ly being recovered. All over the world, companies 
are working intensively to develop new processes for 
the recovery of special metals, such as rare earth ele-
ments, f rom computers and smartphones. These devices 
offer great potent ial for recycling as they are available 
in very large quant it ies, contain large amounts of spe-
cial metals, and have short l i fecycles. This means that 
the metals can be recovered and made available to the 
primary industry very quickly. 
Furthermore, many environmentally sound and 
energy-eff icient technologies now exist . Solar and wind 
energy plants and energy-eff icient vehicle drive sys-
tems have reached a sophist icated stage of development. 
Dispensing with consumption is also helpful, for 
resources that are not consumed do not need to be 
extracted in the f irst place. The Western industr ial 
nat ions in part icular have maintained a very high level 
of consumption for some t ime. The t ransformat ion of 
the industr ial nat ions into consumer societ ies began 
after the Second World War. Philosophers and social sci-
ent ists refer to “1950s syndrome” – the period of rapidly 
r ising l iving standards from 1949 to 1966, when energy 
consumption increased dramat ically. At that t ime, sup-
plies of energy and raw materials appeared to be inex-
haust ible and were correspondingly cheap. 
This was reinforced by the discovery of major oi l 
f ields in the Middle East and the development of nuclear 
energy. There was enough oil, it seemed, to last for cen-
turies. Food also became more affordable as a result of 
intensive farming and animal husbandry, which in turn 
were made possible by intensive use of machinery and 
energy. This era, researchers claim, was a historical 
anomaly and far f rom being the norm. We recognise this 
today, for we are now faced with increasing resource 
scarcity and a rapidly growing world populat ion. 
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Conclus ion
Can commercial  exploitat ion of marine 
minerals be safe and equitable?                                         
There are many signs that 2016 will mark the start 
of marine mining in the internat ional seabed area, 
with the commencement of manganese nodule 
harvest ing. This wil l open a new chapter in the 
commercial exploitat ion of marine resources, for 
the minerals in the internat ional seabed area do 
not belong to individual states but are def ined as 
the common heritage of mankind, and, according 
to the United Nat ions Convent ion on the Law of 
the Sea (UNCLOS), their benefits are to be shared 
equitably. UNCLOS is the most comprehensive 
internat ional t reaty ever concluded. It has been rat-
i f ied by 165 states and the European Union and 
came into force in 1994. The Internat ional Seabed 
Authority (ISA) was established in Jamaica at the 
same t ime. This UN organizat ion ensures that the 
marine minerals found in the internat ional seabed 
area are equitably dist r ibuted and that developing 
countries can also share in the benefits. States 
wishing to extract marine minerals from the inter-
nat ional seabed area must apply to the ISA for an 
explorat ion l icence. To date, the ISA has issued 25 
countries with explorat ion l icences, which contain 
clear rules and environmental standards. Once 
explorat ion has f inished, parts of the explored area 
must be relinquished to the ISA and are reserved 
for developing countries. ISA regulat ions govern-
ing the commercial exploitat ion of marine miner-
als are expected by 2016, init ial ly for manganese 
nodules, and then for massive sulphides and cobalt-
r ich crusts. Only then can exploitat ion begin. The 
ISA’s work is regarded as exemplary, for it is the 
f irst t ime in history that rules, regulat ions and pro-
cedures have been adopted before exploitat ion 
begins. It is also notable that within the future 
mining areas, the ISA has def ined zones for the 
protect ion of deep-sea fauna, where extract ion of 
marine minerals is prohibited. Environmentalists 
cr it icize the fact that at present, pursuant to 
UNCLOS, the ISA cannot extend protected status 
to any zones outside the mining areas; they argue 
that the ISA is ideally placed to do so. The crit ics 
are therefore call ing for UNCLOS to be amended.
In the waters under the jurisdict ion of coastal 
states, there are no uniform rules applicable to 
marine mining. Under UNCLOS, every state is 
obliged to protect and preserve the marine envi-
ronment, but in many places, the oi l industry or 
eff luent from land instal lat ions is causing severe 
pollut ion of the marine environment, part ly 
because the authorit ies are too lax in their con-
t rols. Environmentalists view marine mining as a 
further source of disrupt ion. A lack of controls is 
part icularly worrying i f a state al lows “ult rahaz-
ardous act ivit ies”, such as the operat ion of nuclear 
power plants or offshore dri l l ing r igs, to take place 
in the area under its jurisdict ion. Often, incidents 
at instal lat ions of this kind affect neighbouring 
countries as well, result ing in legal disputes 
between countries over compensat ion claims. 
Jurists are call ing for “str ict state l iabil ity regard-
less of fault” for states engaged in any kind of ult ra-
hazardous act ivity, in order to faci l itate interna-
t ional just ice. At present, injured part ies often 
obtain l it t le or no compensat ion. Current ly, an 
effect ive l iabil ity regime exists only for tanker 
incidents; this was established many years ago 
under the Internat ional Convent ion on Civil Liabil-
ity for Oil Pollut ion Damage. The Convent ion also 
introduced a l iabil ity fund to which oi l-import ing 
countries contribute. Under the Convent ion, the 
shipowner is l iable i f an incident occurs, whether 
or not he is at fault . If the claims exceed the sum 
insured, the fund comes into operat ion and pro-
vides compensat ion. This l iabil ity regime could 
serve as a model for other industr ies, such as off-
shore oi l product ion. 
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Humankind’s hunger for resources is insat iable. We 
need oil to power the world’s one bil l ion motor vehicles. 
We use around 20 mill ion tonnes of ref ined copper 
annually to produce items such as electr ic cables and 
electr ic drives, and we ut i l ize exot ic metals such as neo-
dymium in a wide range of industr ial applicat ions. Glo-
bal consumption of energy has doubled since the early 
1970s and, according to the Internat ional Energy Agen-
cy (IEA) in Paris, is l ikely to increase by more than one-
third by 2035 due to world populat ion growth and devel- 
opment in the major emerging economies of China and 
India. In consequence, the seas are att ract ing growing 
interest as a resource reservoir. The deep oceans host 
large oi l and gas f ields and ore deposits. Extract ing this 
mineral wealth is a very appealing prospect.
Although gas and coal wil l be available in suff icient 
quant it ies well beyond the end of this century, oi l is 
l ikely to be the f irst fossi l resource to become scarce. Oil 
is current ly the world’s most important fossi l fuel, with 
a good one-third of product ion now taking place off-
shore. The offshore oi l industry is well-established. 
In the early days, dri l l ing took place solely in shal-
low coastal waters, but today, the oi l industry has con-
quered the deep. With new geophysical methods of 
explorat ion, scient ists can now search for oi l and gas 
f ields in the seabed and underlying geological st rata up 
to a depth of 12 kilometres below the ocean f loor. With 
these sophist icated methods, many large new deposits 
have been discovered in recent years, and known depo-
sits have been resurveyed. During the period from 2007 
to 2012, 481 major discoveries were made at water 
depths greater than 1500 metres, account ing for more 
than 50 per cent of al l major offshore oi l discoveries. 
Deepwater product ion is therefore l ikely to become 
increasingly signif icant. It is interest ing that the off-
shore discoveries are, as a rule, 10 t imes larger than 
those discovered onshore.
As the explosion at the Deepwater Horizon oi l r ig 
shows, ult ra-deepwater oi l product ion is an ult rahazar-
dous act ivity. Wells can only be accessed using special 
submersible vehicles, so incidents are almost impos-
sible to control. Many causal factors led to the disaster: 
engineers on board misinterpreted readings from the 
well, and safety valves which should have closed off the 
well fai led to act ivate. On the r ig itself, the division of 
responsibil it ies was unclear. This was doubly problema-
t ical because operat ives from several dif ferent subcon-
tractors were working on board at the same t ime. 
Human errors thus went undetected. 
In response to the disaster in the Gulf of Mexico, the 
offshore oi l industry has developed special technology, 
known as capping stacks, for subsea incident response. 
Capping stacks can be deployed to stop the f low of oi l 
f rom a gushing deep-water well. They are now on emer-
gency standby at bases in the major oi l-producing re-
gions, including the Gulf of Mexico and the coast of 
Brazil. New regulat ions have also been introduced for 
onboard management of oi l r igs in the Gulf of Mexico. 
One person with ult imate work authority on a r ig must 
now be informed about every single step taken by sub-
contractors. 
But these measures are unlikely to go far enough to 
avoid incidents and damage running into many bil l ions 
of Euros in future. The t ragedy is that the injured par-
t ies – such as f ishermen and tourism businesses – often 
face lengthy delays in obtaining compensat ion because 
the oi l companies and government become locked in 
legal disputes over the issue of l iabil ity. If an oi l spi l l 
af fects neighbouring countries as well, the lawsuits 
become even more complicated. This situat ion could be 
avoided i f a st raight forward l iabil ity regime were es-
tablished, similar to that which exists for tanker opera-
t ions. Here, an internat ional convent ion has been 
adopted, which places st r ict l iabil ity for damage on the 
owner of a ship. The owner must therefore cover the 
costs of the damage. If these costs exceed the amount 
provided under the owner’s insurance, an internat ional 
fund comes into operat ion and disburses compensat ion 
swift ly without excessive red tape. A similar scheme 
would make sense for the offshore oi l industry as well, 
but has been rejected by the oi l mult inat ionals. In the 
case of tanker operat ions, the oi l-import ing nat ions pay 
into the fund and then claim their contribut ions back 
from their nat ional oi l-processing industry. 
Oil product ion in polit ical ly unstable regions, such 
as some West African countries, raises al l manner of 
quest ions. Problems arise because prof its f rom the oi l 
industry are dist r ibuted inequitably, and due to corrup-
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t ion, there is l it t le sharing of benefits. Very often, it is 
the local communit ies in the oi l-producing regions that 
go away empty-handed. In Nigeria, for example, con-
f l icts f requent ly occur, with various rebel groups f ight-
ing for control of the oi l industry. Oil spi l led from sabo-
taged pipelines and i l legal micro-ref ineries has polluted 
large areas of the Niger Delta. In Angola – now the 
largest oi l-producing country in sub-Saharan Africa – 
there is, fortunately, no open conf l ict , but here too, the 
sharing of benefits f rom oil product ion is extremely 
inequitable. There is a very high level of poverty through- 
out the country, and yet the capital Luanda is one of the 
most expensive cit ies in the world. 
Methane hydrates – an alternat ive fossi l energy 
source – are the subject of much discussion at present. 
Methane hydrates are solid ice-l ike compounds made up 
of methane, a component of natural gas, and water. The 
methane gas that forms hydrates r ises from depth to the 
ocean f loor. Most of the methane is produced biogeni-
cal ly by bacterial decomposit ion in deep layers of sedi-
ment, but a smaller proport ion originates at even greater 
depth and is produced thermogenically deep under-
ground by chemical conversion of biomass at high pres-
sure and high temperatures. Methane hydrates form at 
water depths of around 500 to 3000 metres. Here, the 
water pressure is high enough, and the seawater tempe-
rature cold enough, for methane and the water in the 
sediment to solidify to form hydrates. The methane 
becomes so densely compacted that one cubic metre of 
solid methane hydrate can contain around 160 cubic 
metres of methane gas. Experts believe that the world’s 
methane hydrates contain 10 t imes more gas than is 
available in al l the convent ional deposits. Methane 
hydrates are mainly of interest to countries which cur-
rent ly import most of their energy resources. Fossi l 
fuels are part icularly expensive in South Korea and 
Japan, as they have to be brought in by ship. Both these 
countries have extensive methane hydrate deposits in 
their coastal waters and are keen to make greater use of 
them in future. As yet , however, they lack the technolo-
gy required for large-scale product ion of methane gas 
from hydrates. 
As methane hydrates act as a kind of cement that 
binds soft sediment, cr it ics fear that the extract ion of 
methane hydrates will destabil ize the cont inental shelf, 
potent ial ly t r iggering tsunamis. According to scient ists, 
however, extract ion will be confined to small-scale dri l-
l ing in shallow areas, thus avoiding major slumps. 
There is also a fear that ocean warming will release lar-
ge quant it ies of methane, a potent greenhouse gas, f rom 
the deep seas into the atmosphere. Here too, resear-
chers voice reassurance: according to their data, 95 per 
cent of al l g lobal deposits are found at depths greater 
than 500 metres and are therefore l ikely to remain pro-
tected against warming for a very long t ime.
For high-tech applicat ions and modern mass-pro-
duced electronic devices such as photovoltaic systems, 
engines for hybrid cars and smartphones, many dif fe-
rent resources are now required, such as metals 
extracted from ore. These too are present in large quan-
t it ies in and on the seabed. Metals are found mainly in 
three types of mineral deposits: manganese nodules, 
cobalt crusts, and massive sulphides. Large numbers of 
manganese nodules, about the size of a potato or a head 
of lettuce, are found on the sediments in some areas of 
the seabed. They form extremely slowly, over the course 
of mil l ions of years, around t iny cores – such as frag-
ments of shell – on the seabed. Various processes are 
involved in their format ion, including the precipitat ion 
of metals from seawater. There are four major areas of 
manganese nodules worldwide, the largest being the 
Clarion-Clipperton Zone (CCZ) in the Pacif ic, which 
extends across an area the size of Europe. The nodules 
contain manganese, iron, and many other metals that 
are important for industry. Cobalt crusts, on the other 
hand, are rock-hard deposits that have formed on 
seamounts. Seamounts are found in marine areas al l 
over the world. Part icularly crust-r ich seamounts have 
been discovered in the Prime Crust Zone (PCZ) 
3000 kilometres southwest of Japan, with an est imated 
7.5 bil l ion tonnes of crusts. 
Like manganese nodules, cobalt crusts are formed 
by the precipitat ion of chemical compounds containing 
metals from seawater. Cobalt crusts, which form on the 
f lanks of seamounts, also contain manganese and iron 
beside cobalt and other metals. Massive sulphides, on 
the other hand, form around undersea hot springs 
through the precipitat ion of sulphide minerals from f lu-
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ids below the sea f loor. Massive sulphides are of interest 
because they contain high levels of gold and si lver. The 
deposits in the Bismarck Sea near Papua New Guinea 
appear to offer great potent ial. 
Manganese nodules, cobalt crusts and massive sul-
phides are important for industry, for various reasons. 
Many metals are now extracted by what are, in effect , 
monopolies in a small number of countries, especial ly 
China, so resource-poor industr ial countries such as 
Germany and France are keen to become more indepen-
dent by staking claims to areas of the seabed. 
To ensure that marine mining in the internat ional 
seabed area does not result in countries squabbling over 
the best claims, it is regulated by the Internat ional 
Seabed Authority (ISA). This UN organizat ion issues 
explorat ion l icences and also ensures that valuable 
mineral deposits are reserved for developing countries. 
ISA regulat ions governing the future exploitat ion of 
marine minerals are current ly being developed and are 
expected by 2016, init ial ly for manganese nodules. 
Only then can exploitat ion in the internat ional seabed 
area begin. It is notable that the protect ion of the ma-
rine environment features prominent ly in the ISA regu-
lat ions. Within the future mining areas, the ISA requires 
zones to be designated for the protect ion of the seabed 
environment, with extract ion of marine minerals prohi-
bited here. It is the f irst t ime in history that rules for the 
al locat ion of a resource and for environmental protec-
t ion have been adopted before exploitat ion begins. To 
date, the ISA has issued 12 l icences for manganese 
nodule explorat ion in the Clarion-Clipperton Zone and 
one l icence for the Indian Ocean. 
Whereas the future exploitat ion of marine minerals 
in the internat ional seabed area will thus be regulated 
by a uniform set of st r ingent rules, no such regime 
exists for the marine areas under the coastal states’ 
jurisdict ion. Although the United Nat ions Convent ion 
on the Law of the Sea (UNCLOS) obliges every state 
party to protect and preserve the marine environment, 
pollut ion is st i l l a rout ine occurrence in many coastal 
waters. There is a fear that marine mining will create a 
new set of environmental problems here. Environmen-
talists are concerned that large-scale extract ion will 
pose a part icular threat to endemic seabed species. 
Marine biologists are therefore call ing for further 
detai led environmental studies, before exploitat ion 
commences, to better assess the r isks posed. However, 
there is a real fear that in some areas, mining operat ions 
will commence before these assessments have been 
completed.
Although chemical analyses show that very few 
cobalt crusts and massive sulphide deposits are suff i-
cient ly r ich in metals to make exploitat ion worthwhile 
at present, many crit ics oppose the mining of these 
resources on principle. Both types of deposit form per-
manent st ructures on the seabed, and over t ime, these 
have developed into habitats for species-r ich biot ic com-
munit ies based on sessi le organisms such as sponges 
and corals. Large-scale extract ion, in the biologists’ 
view, can only be just i f ied i f mining companies leave 
some zones untouched as a start ing point for the recolo-
nizat ion of harvested areas. 
Will large-scale marine mining ever become reality? 
That remains to be seen. It is l ikely to be more expen-
sive than onshore mining, but has the potent ial to avoid 
land-use conf l icts. Over the next two years, the island 
state of Papua New Guinea plans to work with a mining 
mult inat ional to extract massive sulphides containing 
gold and si lver in its 200-mile zone, and it is l ikely that 
af ter 2016, manganese nodule extract ion will begin in 
the Clarion-Clipperton Zone. But according to geoscien-
t ists, there are st i l l many undiscovered deposits on-
shore, and theoret ical ly, these could well be suff icient 
to meet the growing future demand for mineral resour-
ces. The most l ikely scenario, then, seems to be mode-
rate exploitat ion of offshore marine minerals as a sup-
plement to onshore extract ion as required. 
Global demand for fossi l energy carr iers and mine-
ral resources will not decrease in future unless human-
kind takes act ion. This not only means developing new 
sources of supply; it a lso means devising new technolo-
gical processes for resource recycling, including the 
establishment of collect ion systems and internat ional 
t ransport chains. What is needed is a long-term strategy 
for clean energy and resource extract ion for the benefit 
of future generat ions. We hope that the World Ocean 
Review 3 can make a small contribut ion to the formula-
t ion of such a st rategy. 
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G20: group of 20 major economies, comprising 19 industr ia l 
and emerging countr ies plus the European Union. Germany, 
France, the United Kingdom and Ita ly are members in their 
own r ight . Countr ies are ranked in descending order by gross 
domest ic product .
Mid-ocean ridge: r idges or mountain ranges on the sea f loor 
similar to the seams of a basebal l, extending around the ent ire 
g lobe. They or iginate in areas where cont inental plates dr i f t 
apart beneath the ocean. Hot magma r ises at these f racture 
zones in the central ocean regions, is cooled in the water, and 
pi les up through t ime to form enormous mountains.
Phytoplankton: planktonic plants that are most ly microscopic 
in size. They include microalgae. Planktonic organisms typic-
a l ly have l it t le or no power of self-locomot ion, and thus dr i f t 
with the water currents.
Primary production: the product ion of biomass by plants or 
bacter ia. The primary producers obtain their energy f rom sun-
l ight or f rom certain chemical compounds, and through their 
metabolism synthesize energy-r ich substances such as carbo-
hydrates. These substances, in turn, represent a subsistence 
basis for animals and humans.
Ratified, ratification: formal and binding val idat ion of an 
internat ional convent ion or t reaty. Various countr ies may con-
clude a t reaty but this does not automat ical ly make it val id or 
legal ly operat ive under internat ional law. Nor is it enough sim-
ply to sign the t reaty document. Each state must , in addit ion, 
make a formal declarat ion expressing its intent to be bound by 
the relevant t reaty. This is known as rat i f icat ion. As a rule, the 
head of state or a high-ranking polit ician signs an inst rument 
of rat i f icat ion. The prerequisite for rat i f icat ion is general ly a 
legal act adopted under nat ional law, such as an act of Parl ia-
ment, in which Parl iament assents to the provisions of the t rea-
ty. In Germany, for example, t reat ies concluded by the Federal 
Republic must be approved by the Bundestag. Only then can 
the inst rument of rat i f icat ion be deposited. 
Residual soil: degradat ion of rock result ing in accumulat ion of 
low-solubi l ity mater ia l, in part due to biological processes.
Rio+20: United Nat ions Conference on Sustainable Develop-
ment, which took place in 2012, exact ly 20 years af ter the 
1992 United Nat ions Conference on Environment and Develop-
ment (UNCED) in Rio de Janeiro. 
Symbiotic: individuals of di f ferent animal species that co-
exist in such a way that one organism prof its f rom the other are 
cal led symbiot ic.
Acidification (ocean acidification): a large proport ion of the 
carbon dioxide that enters the atmosphere through combust ion 
processes is taken up by the ocean, causing the seawater to 
acidi fy. St r ict ly speaking the seawater remains basic. But when 
the acidity, or pH value, of the water decreases in the direct ion 
of less basic, it is referred to as acidi f icat ion of the water. 
Antarctic Bottom Water: oxygen-r ich, highly sal ine ocean 
water that sinks to the bottom in the Antarct ic and f lows 
northward along the bottom around the globe, a l l the way to 
the North At lant ic.
Chemoautotrophic: microorganisms that produce energy for 
their metabolism from chemical compounds are cal led chemo-
autotrophic. Chemoautotrophic organisms are dist inguished 
from photoautotrophic organisms such as plants, which prod-
uce their energy f rom sunlight .
Condensate (gas condensate): a mixture of relat ively heavy 
hydrocarbons that can accumulate during natural gas produc-
t ion. The components of this natural-gas by-product include 
pentane as well as larger molecules, somet imes r ing-shaped 
(aromat ics and cycloalkanes). As a rule, because of its composi-
t ion, gas condensate is a l iquid at room temperature and mean 
sea level pressure. Because its makeup is similar to that of the 
l ight const ituents of oi l, it can be separated f rom the natural 
gas and processed in ref ineries to petrol, among other pro-
ducts.
Continental slope: the area of the sea f loor where the f lat , 
near-coastal cont inental shelf fa l ls more steeply into the deep 
sea.
Customary international law: a form of unwritten internat io-
nal law, which consists of rules that come from general pract ice 
accepted as internat ional law. A further element of customary 
internat ional law is opinio jur is – a bel ief on behalf of a state 
that it is bound by the law in quest ion. Examples are the prohi-
bit ion of torture, recognit ion of a ir space, and recognit ion of 
the 12-mile zone as the sovereign terr itory of the coastal state. 
These rules are binding on al l states under internat ional law, 
whether or not they are the subject of a t reaty. A key prerequi-
site is that the relevant opinio jur is is accepted as law by the 
overwhelming major ity of countr ies. Customary internat ional 
law applies even i f it is only relevant to certain countr ies. For 
example, customary internat ional law holds that the 12-mile 
zone is sovereign terr itory, a lthough some countr ies do not 
have a coast l ine.
East Pacific Rise: a mid-ocean r idge located in the southeast 
Pacif ic.
Endemic: Plant and animal species that only occur in a part ic-
ular and l imited area of the world are cal led endemic. Endemic 
species are very suscept ible to ext inct ion due to degradat ion of 
their habitat .
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APEI Area of part icular environmental interest 
AUV Autonomous underwater vehicle
BALEX Balt ic Exercise (internat ional oi l-spi l l response  
exercise in the Balt ic Sea)
BGR Bundesanstalt für Geowissenschaften und Rohstof fe; 
German Federal Inst itute for Geosciences and Natural  
Resources
BONNEX Bonn Convent ion Exercise (internat ional oi l-spi l l 
response exercise in the North Sea)
BOP Blowout preventer (for gas and oi l f rom a well)
BRIC Brazi l, Russia, India and China (BRIC States)
BSEE US Bureau of Safety and Environmental Enforcement
BSR Bottom simulat ing ref lector
CBD Convent ion on Biological Diversity
CCZ Clar ion-Clipperton Zone
DISCOL Disturbance and Recolonizat ion (research project)
DOE US Department of Energy
EBSA Ecological ly or biological ly signif icant marine area
EEZ Exclusive economic zone
EOR Enhanced oi l recovery
FPSO Float ing product ion storage and of f loading units
GHSZ Gas hydrate stabi l ity zone
GOODS Global Open Oceans and Deep-Sea habitats  
(research report)
GPS Global posit ioning system
HHI Herf indahl-Hirschman Index
ICCAT Internat ional Commission for the Conservat ion of 
At lant ic Tunas
ICES Internat ional Counci l for the Explorat ion of the Sea
IEA Internat ional Energy Agency
IJC Internat ional Joint Commission
IMO Internat ional Marit ime Organizat ion
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IOPC Internat ional Oil Pol lut ion Compensat ion Funds
ISA Internat ional Seabed Authority
ISM Code Internat ional Management Code for the Safe  
Operat ion of Ships and for Pol lut ion Prevent ion
LCD Liquid crystal display
LED Light emitt ing diode
LNG Liquef ied natural gas
MARPOL Internat ional Convent ion for the Prevent ion of  
Pol lut ion f rom Ships
MPA Marine protected area
NOAA US Nat ional Oceanic and Atmospheric Administ rat ion
NOWPAP Northwest Pacif ic Act ion Plan
OBS Ocean-bottom seismometer
OPA US Oil Pol lut ion Act
OPEC Organizat ion of the Petroleum Export ing Countr ies
OSPAR Oslo-Par is Convent ion, Convent ion for the Protect ion 
of the Marine Environment of the North-East At lant ic
PCZ Pr ime crust zone 
PETM Paleocene-Eocene thermal maximum
PSSA Part icularly sensit ive sea area
REMPEC Regional Marine Pol lut ion Emergency Response 
Centre for the Mediterranean Sea
RFMO Regional f isheries management organizat ion
RPEN Regulat ions on Prospect ing and Explorat ion of  
Polymetal l ic Nodules
SOPAC Secretar iat of the Pacif ic Community Applied  
Geoscience and Technology Division
SOS Sea swell-independent oi l skimmer
TLP Tension leg plat form
UNCLOS United Nat ions Convent ion on the Law of the Sea
UNEP United Nat ions Environment Programme
VME Vulnerable marine ecosystem
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